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REMARKS/ARGUMENTS 

Status of the Claims 

Claims 1-3, 6-12, and 38-47 are pending in the current application. Claims 4, 5, and 13- 
37 have been cancelled without prejudice or disclaimer. Claims 13-37 are cancelled due to the 
restriction requirement. Claims 1-3, 6, 11, and 12 have been amended. Support for the 
amendment to claim 1 can be found in original claim 5. New claims 38-47 have been added. 
Support for the new claims is found in original claim 5. Support for new claims 46 and 47 is 
further found on lines 27-28 of page 7 of the specification. The specification has been amended 
to correct obvious errors. No new matter has been added by way of amendment. Reexamination 
and reconsideration are respectfully requested. 

The Objection to the Specification Should be Withdrawn 

The specification has been objected to on the grounds that a word is misspelled on line 21 
of page 35. This paragraph has been amended to correct this error, thereby obviating the 
objection. 

The Rejection Under 35 U.S.C § 1 12, Second Paragraph, Should be Withdrawn 

Claims 1-12 have been rejected under 35 U.S.C. § 1 12, second paragraph, on the grounds 
that they are indefinite. Claims 4 and 5 have been cancelled to expedite prosecution, thereby 
rendering the rejection of this claim moot. It is respectfully submitted that the rejection should 
not be applied to claims 1-3 and 6-12 as amended, for the reasons described below. 

Claim 1 has been rejected on the grounds that the term "genetically modified" is 
indefinite. A description of genetic modifications of plants that are encompassed by the 
invention are described on lines 15 of page 7 through line 30 of page 8, and line 17 of page 22 
through line 1 1 of page 23. Accordingly, one of skill in the art, when reading the claims in light 
of the supporting specification, would be able to ascertain the meaning and scope of the claim. 

Claim 1 has further been rejected on the grounds that the term "protein storage tissue" is 
indefinite. Plant protein storage tissues are described on line 14 of page 1 and lines 12-13 of 
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page 2 of the specification. Accordingly, the metes and bounds of the claim as written would be 
clear to one of skill in the art. 

Claim 2 has been rejected on the grounds that it is indefinite for reciting that the protein 
storage tissue is seed. Claim 2 has been amended to recite that the protein storage tissue is seed 
tissue, thereby obviating the rejection. 

Similarly, claim 3 has been rejected on the grounds that it is indefinite for reciting that 
the protein storage tissue is selected from tubers, roots and leaves. Claim 3 has been amended to 
recite that the protein storage tissue is selected from tuber tissue, root tissue or leave tissue, 
thereby obviating the rejection. 

Claim 4 has been rejected on the grounds that the term "vacuolar processing enzymes" is 
indefinite. Claim 4 has been cancelled to expedite prosecution, thereby rendering the rejection of 
this claim moot. 

Claim 6 has been rejected on the grounds that the term "sequence variant" is indefinite. 
Variants of the proteins of the invention are described on line 24 of page 16 to line 24 of page 17 
of the specification, and the structural and functional limitations of these variants are recited in 
the claims. Accordingly, the metes and bounds of this term would be clear to one of skill in the 
art. Nevertheless, claim 6 has been amended to delete this term, thereby rendering the rejection 
on this grounds moot. 

Claim 6 has further been rejected on the grounds that the term "protease activity" is 
indefinite. This term is defined on lines 13-17 of page 5, and assays for protein activity are 
described in the specification and the references cited therein, for example, lines 5-10 of page 3 
and lines 12-13 of page 10. Accordingly, the metes and bounds of the claim as written would be 
clear to one of skill in the art. Nevertheless, claim 6 has been amended to delete this term, 
thereby rendering the rejection on this grounds moot. 

Claim 6 has also been rejected on the grounds that the term "stringent conditions" is 
indefinite. A description of stringent conditions to be used for hybridization may be found on 
lines 6-29 of page 20 of the specification. Accordingly, the metes and bounds of the claim as 
written would be clear to one of skill in the art. Nevertheless, claim 6 has been amended to 
delete this term, thereby rendering the rejection on this grounds moot. 
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Claim 1 1 has been rejected on the grounds that the term "transformed" is indefinite 
because it is not clear that the seed encompasses the transgene that was originally introduced into 
the parent plant. Claim 1 1 has been amended to recite that the transformed seed is genetically 
modified to reduce or eliminate the activity of one or more proteases selected from the group 
consisting of a-vacuolar processing enzyme, 0-vacuolar processing enzyme, y- vacuolar 
processing enzyme, s-vacuolar processing enzyme, aspartic protease API, and aspartic protease 
AP2, thereby obviating the rejection. 

Claim 12 has been rejected on the grounds that a promoter cannot be operably linked to a 
polypeptide. Claim 12 has been amended to recite that the promoter is operably linked to a 
nucleotide sequence encoding a polypeptide of interest, thereby obviating the rejection. 

In view of the above arguments and amendments, all grounds for rejection under 35 
U.S.C. § 1 12, second paragraph, have been obviated overcome. Reconsideration and withdrawal 
of the rejection are therefore respectfully requested. 

The Rejection Under 35 U.S.C. § 1 12, First Paragraph, Should be Withdrawn 

Claims 1-12 have been rejected under 35 U.S.C. § 112, first paragraph, on the grounds 
that they lack sufficient written description. Claims 4 and 5 have been cancelled, rendering the 
rejection of these claims moot. The rejection is respectfully traversed as applied to claims 1-3 
and 6-12 for the reasons described below. It is also respectfully submitted that the rejection 
should not be applied to new claims 38-47. 

The Examiner argues that the claims lack sufficient written description because they 
recite an expression cassette encoding a polypeptide of interest but do not provide the structural 
features common to the polypeptides of interest to be expressed. Applicants note that a large 
number of examples of polypeptides of interest are provided in the specification on line 28 of 
page 1 1 through line 24 of page 12. 

Furthermore, the point of novelty of the present invention is not the expression of a genus 
of novel polypeptides of interest. Rather, the point of novelty of the present invention is the 
reduction or elimination of the activity of proteases in the protein storage tissue in a plant. The 
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Guidelines for Examination of Patent Applications Under the 35 U.S.C. §112, If 1, 'Written 
Description Requirement, " 66 Fed. Reg. 1099 (2001), provide that "[t]he description need only 
describe in detail, that which is new or not conventional." 66 Fed. Reg. at 1 106, citing Hybritech 
v. Monoclonal Antibodies 231 USPQ 81 (Fed. Cir. 1986), where the court held that "a patent 
need not teach, and preferably omits, what is well known in the art." Id. at 94. Accordingly, the 
present claims meet the requirement for written description set forth in the Guidelines and the 
supporting case law. 

Claims 1-12 have also been rejected under 35 U.S.C. § 112, first paragraph, on the 
grounds that an insufficient written description is provided for the proteases recited in the claims. 
Claims 4 and 5 have been cancelled to expedite prosecution, rendering the rejection of this claim 
moot. It is respectfully submitted that the rejection should not be applied to claims 1-3 and 6-12 
as amended or to new claims 38-47 for the reasons described below. 

Claim 1 as amended recites a plant that is genetically modified to reduce or eliminate the 
activity of one or more proteases in its protein storage tissue, wherein said protease is selected 
from the group consisting of a-vacuolar processing enzyme, p-vacuolar processing enzyme, y- 
vacuolar processing enzyme, e-vacuolar processing enzyme, aspartic protease API, and aspartic 
protease AP2. The sequences of Arabidopsis a- VPE, /3-VPE, 7- VPE, e-VPE, API, and AP2 
proteases are described in the specification on lines 4-13 of page 7. Furthermore, the domains of 
these proteins that are important for their proteolytic activity are known. 

For example, vacuolar processing enzymes are members of the Peptidase C13 family of 
proteases and contain a conserved domain associated with protease activity. ^Appendix A shows 
the domain structure for the 1 1 proteins used to create the Pfam seed alignment for the Peptidase 
C13 protease family. Both a-VPE and /3-VPE from Arabidopsis, as well as a VPE from Citrus 
sinensis (P49043) and Ricinus communis (P49042) are among the proteins used to create this 
seed alignment. Appendix B shows the sequence alignment for the proteins used to create the 
Pfam consensus alignment. It is apparent that the peptidase domain is highly conserved among 
the protein family members. Appendix C shows an alignment of €-VPE (SEQ ID NO:2) with the 
Pfam Peptidase CI 3 family consensus alignment. This alignment demonstrates that 6- VPE 
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contains a peptidase CI 3 protease domain. Furthermore, the amino acids required for activity of 
the legumain family of proteases has been identified. See, Chen et al (1998) FEBS Letters 
441:361-365, provided herewith for the convenience of the Examiner as Appendix D. 

The aspartic proteases API and AP2 are members of the eukaryotic aspartyl protease 
family. Appendices E and F show alignments between the Pfam consensus sequence for the 
eukaryotic aspartyl protease family and API (Appendix E) and AP2 (Appendix F) from 
Arabidopsis, Both proteins contain the Pfam consensus domain characteristic of with aspartyl 
protease activity. 

The Guidelines for Examination of Patent Applications Under the 35 U.S.C. §112, ^ 7, 
'Written Description Requirement, " provide that a genus may be described by "sufficient 

description of a representative number of species ... or by disclosure of relevant, identifying 

characteristics , i.e. structure or other physical and/or chemical properties." 66 Fed. Reg. 1099, 
1 106 (2001). Claims 1-3, 6-12, and 38-47 satisfy this requirement, because the specification 

provides examples of proteases that fall within the claimed genus of proteins, and the structural 

properties underlying the activity of these proteases are known. 

In view of the above arguments and amendments, all grounds for rejection under the 35 
U.S.C. § 1 12, first paragraph written description requirement have been obviated or overcome. 
Accordingly, reconsideration and withdrawal of the rejections are respectfully requested. 

Claims 1-12 have further been rejected on the grounds that the specification does not 
provide sufficient enablement to allow one of skill in the art to make and use the claimed 
invention. Claims 4 and 5 have been cancelled, rendering the rejection of these claims moot. It 
is respectfully submitted that the rejection should not be applied to claims 1-3 and 6-12 as 
amended, or to new claims 38-47, for the reasons described below. 

The Examiner argues that the specification does not provide methods to reduce the 
activity of an enzyme. However, methods of genetically modifying plants to reduce or eliminate 
the activity of a protease are described in the specification on lines 15 of page 7 through line 30 
of page 8, line 16 of page 10 through line 3 of page 1 1, and line 29 of page 22 through line 1 1 of 
page 23. The methods of genetic modification include insertional mutagenesis (i.e. TUSC, 
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transposon tagging, T-DNA insertion), gene targeting (i.e. chimerplasty), sense suppression (co- 
suppression), antisense suppression, expression of specific protein processing protease inhibitors, 
or an increase in the level or activity of endogenous protease inhibitors. Accordingly, guidance 
for the reduction or elimination of protease activity is provided. Furthermore, working examples 
of plants containing an insertional event in /3-VPE and e-VPE are provided. See, pages 32-35 of 
the specification. 

The Examiner also argues that the claims encompass antisense technology, and that 
antisense technology is unpredictable. Bryant (et al) Trends in Biotechnology 7:20-21 is cited to 
support this argument. Bryant et al. teach that there have been increased reports that expression 
of specific genes can be down regulated by the presence of antisense RNA. See, first paragraph 
of Bryant et al. Bryant et al also teach that in plants transformed to express an RNA antisense 
to chalcone synthase, the level of this enzyme varied from plant to plant. In some plants, 
chalcone synthase was extensively suppressed. See, column 3 of page 20 of Chalcone et al The 
authors state that the reason for the variability in the levels of suppression of the enzyme is not 
known, but speculate that it may be due to a "position effect," in which the location of the 
transgene affects the expression level of the antisense RNA. The authors then conclude that 
antisense technology "raises the very real possibility of using recombinant DNA techniques to 
remove unwanted characteristics from economically important plant species." See, last 
paragraph of Bryant et al 

Accordingly, the major teaching of the Bryant et al reference is that antisense technology 
holds great promise for the targeted reduction of gene expression in plants. Although not every 
plant transformed with an antisense construct in this reference showed extensive suppression of 
the target gene, plants having greater levels of target gene suppression could be identified by 
screening a population of transformed plants. Accordingly, Bryant et al support the enablement 
of the present invention. 

The Examiner also cites Martienssen (1998) Proc. Natl Acad. Sci. U.S.A. 95:2021-2026 
in support of the argument that essential genes cannot be down-regulated because suppression 
would lead to dominant lethal phenotypes that cannot be maintained. However, the present 
invention provides working examples of plants that are null for /3-VPE or e-VPE. See, pages 32- 
35 of the specification, demonstrating that down regulation of these enzymes is not lethal. 
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Accordingly, the teachings of the Martienssen reference are inapplicable to the enablement of the 
present invention. 

Furthermore, as noted above, the methods of the invention encompass a number of 
methods for reducing or eliminating the activity of a plant protease. For example, the 
specification describes methods of reducing or eliminating the activity of a vacuolar processing 
enzyme by inhibiting its expression by sense suppression (cosuppression). See, line 30 of page 
22 through line 1 1 of page 23. Cosuppresion has been successfully used to inhibit the expression 
of a number of plant genes. See, for example, U.S. Patent Nos. 5,283,184 and 5,034,323, cited 
on line 10 of page 23 of the specification. See also, U.S. Patent No. 5,942,657, which describes 
the successful use of antisense suppression and sense suppression to inhibit the expression of 
endogenous plant genes. These patents are provided herewith for the convenience of the 
Examiner as Appendices G, H, and I, respectively. 

The Examiner also states that claim 6 is not enabled, because it encompasses methods of 
suppressing protease activity using fragments of SEQ ID NO:l and cites Monan et al (2002) J. 
Virology 76:1339-1348 for its teaching that "sugarcane plants expressing untranslated viral 
capsid sequences of Sorghum mosaic virus strain SCH, challenged with SrMV viruses of strains 
SCM and SCI and Sugarcane mosaic virus strain, show various levels of virus resistance that 
correlated with the percentage of sequence identity of the transgenes to the sequence of the 
challenging virus." Claim 6 has been canceled to expedite prosecution, rendering the rejection of 
this claim moot. In addition, the statement in Monan et al refers to data shown in Ingelbrecht et 
al. (1999) Plant Physiology 1 19:1 187-1 197, provided herewith for the convenience of the 
Examiner as Appendix J. Ingelbrecht et al. teach that the greater the level of sequence 
similarity between the transgene and the challenging virus, the greater percentage of resistant 
plants. However, Ingelbrecht et al. show that approximately two thirds of plants transformed 
with a transgene having 95% sequence similarity with the challenging virus show resistance, and 
that some plants show resistance even when transformed with a transgene having only 75% 
identity with the challenging virus. See, Table III on page 1 192 of Ingelbrecht et al 
Accordingly, 100% sequence identity between the transgene and the challenging virus is not 
required to achieve resistance. 
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An enabling disclosure must describe the claimed invention in such a way as to enable 
the ordinarily skilled artisan to make and use the invention, and this description must be 
commensurate with the scope of the claimed invention. The test of enablement is not whether 
experimentation is necessary, but rather if experimentation is necessary, whether it is undue. In 
reAngstadU 198 USPQ 214, 219 (C.C.P.A. 1976). The test of whether an invention requires 
undue experimentation is not based on a single factor, but rather a conclusion reached by 
weighing many factors. In re Wands, 8 USPQ2d 1400, 1404 (Fed. Cir. 1988). Factors to be 
considered in determining whether undue experimentation is required include the quantity of 
experimentation necessary, the amount of guidance provided in the specification, the presence of 
working examples of the invention in the application, the nature of the invention, the state of the 
prior art, the relative skill of those in the art, the predictability in the art, and the breadth of the 
claimed invention. 8 USPQ2d at 1404. Accordingly, the holding of Wands does not require that 
an applicant identify every functional e-VPE fragment or variant. Rather, Wands sets out factors 
to be considered in determining whether undue experimentation is required to make and use the 
claimed functional variants. 

When all of the Wands factors are considered together, it is clear that although some 
quantity of experimentation may be required to reduce or eliminate the activity plant oVPE, /3- 
VPE, 7-VPE, e-VPE, API, and AP2, the experimentation would not be undue in view of the 
nature of the invention, the state of the prior art (where the inhibition of the expression of 
endogenous plant genes is routine), the relative skill of those in the art, the predictability in the 
art (where a number of examples of suppression of endogenous plant genes have been 
described), the amount of direction provided in the specification (which provides methods for 
reducing or eliminating the activity of a plant protease and guidance regarding the proteases 
whose activity is to be reduced), the breadth of the claimed invention (which is limited to the 
reduction of the activity of a protease selected from a-VPE, jS-VPE, 7-VPE, e-VPE, API, and 
AP2), and the existence of working examples of plants having reduced protease activity. These 
factors all favor a conclusion that one of skill in the art could practice the claimed invention 
without undue experimentation. 
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In view of the above arguments and amendments, all grounds for rejection under 35 
U.S.C. § 1 12, first paragraph, have been overcome. Reconsideration and withdrawal of the 
rejection are therefore respectfully requested. 

The Rejection Under 35 U.S.C. § 102 Should be Withdrawn 

Claims 1-3, 6-7, and 1 1-12 have been rejected under 35 U.S.C. § 102(b) on the grounds 
that they are anticipated by Hilder et al (1987) Nature 300: 160-63. It is respectfully submitted 
that the rejection should not be applied to the claims as amended, or to new claims 38-46 for the 
reasons described below. 

Hilder et al . teach tobacco plants that have been genetically modified to comprise a 
cowpea trypsin inhibitor. Claim 1 as amended recites a plant that is genetically modified to 
reduce or eliminate the activity of one or more proteases in its protein storage tissue, wherein 
said protease is selected from the group consisting of a-vacuolar processing enzyme, p-vacuolar 
processing enzyme, y-vacuolar processing enzyme, e-vacuolar processing enzyme, aspartic 
protease API, and aspartic protease AP2. Accordingly, Hilder et al do not anticipate claim 1 or 
dependent claims 2, 3, 6, 7, 11, 12, and 38-47. 

In view of the above arguments and amendments, all grounds for rejection under 35 
U.S.C. § 102, have been overcome. Reconsideration and withdrawal of the rejection are 
therefore respectfully requested. 

The Rejection Under 35 U.S.C. § 103 Should be Withdrawn 

Claims 1, 4, and 6-12 have been rejected under 35 U.S.C. § 103(a) on the grounds that 
they are obvious in view of U.S. Patent Nos. 5,955,653 and 5,723,763. Claim 4 has been 
cancelled to expedite prosecution, rendering the rejection of this claim moot. It is respectfully 
submitted that the rejection should not be applied to claims 1 and 6-12 as amended or to new 
claims 38-47 for the reasons described below. 

U.S. Patent No. 5,955,653 teaches the use of the gene encoding the protease actinidin as a 
means of creating male-sterile plants. This patent does not suggest the inhibition of a protease. 
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U.S. Patent No. 5,723,763 teaches the use of antisense RNA to produce male-sterility and 
fertility-restored monocot plants. However, this patent does not teach the use of antisense RNA 
to inhibit the activity of a plant protease. 

Claim 1 as amended recites a plant that is genetically modified to reduce or eliminate the 
activity of one or more proteases in its protein storage tissue, wherein said protease is selected 
from the group consisting of a-vacuolar processing enzyme, p-vacuolar processing enzyme, y- 
vacuolar processing enzyme, e-vacuolar processing enzyme, aspartic protease API, and aspartic 
protease AP2. Thus, U.S. Patent Nos. 5,955,653 and 5,723,763, taken individually or together 
do not teach or suggest the invention recited in claim 1 or its dependent claims. 

In view of the above arguments and amendments, all grounds for rejection under 35 
U.S.C. § 103, have been overcome. Reconsideration and withdrawal of the rejection are 
therefore respectfully requested. 



RTAO 1/21 44224v 1 



Appl. No. 09/236,995 
Filed: January 26, 1999 
Page 18 



CONCLUSIONS 

It is believed that all the rejections have been obviated or overcome and the claims are in 
condition for allowance. Early notice to this effect is solicited. If in the opinion of the 
Examiner, a telephone conference would expedite the prosecution of the subject Application, the 
Examiner is invited to call the undersigned. 

It is not believed that extensions of time or fees for net addition of claims are required, 
beyond those that may otherwise be provided for in documents accompanying this paper. 
However, in the event that additional extensions of time are necessary to allow consideration of 



this paper, such extensions are hereby petitioned under 37 CFR § 1.136(a), and any fee required 
therefore (including fees for net addition of claims) is hereby authorized to be charged to Deposit 



Account No. 16-0605. 
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Pfam 10.0 (Saint L uis) 

Home | Analyze a sequence | Browse Pfam I Ke yword search I Taxonomy search | Swisspfam | 
Help 



Domain structure 
alignment 



f proteins in the Peptidase_C13 Seed 



Pfam and other annotation is shown as graphic objects along the sequence. 
One type of annotation may obscure other types; you can change the priority 
using the menu below. Priority is from left to right. You can also choose the 
blank menu entry to remove a type of annotation entirely. Mouse overs show 
start and end points and some additional information. Mouse clicks link to 
detailed descriptions or more information. More detailed help is available here . 



signal peptide 



pfam A 



coiled coil jf|| [ pfamB 




IS [ transmembrane jf| [ low complexity |S| 



GPI8 HUMAN Q92643 GPI-anchor transaminase (EC 3.-.-.-) (GPI transaminase) 
(Phosphatidylinositol-glycan biosynthesis, class K protein) [395 residues] 



Hi 



GPI8 YEAST P49018 GPI-anchor transamidase (EC 3.-.-.-; (GPI transaminase). GPI- 
anchor transaminase (EC 3.-.-.-) (GPI transamidase). [411 residues] 



HGLB SCHJA P42665 Hemoglobinase precursor (EC 3 .4. 22. 34) (Antigen SJ32). 
Hemoglobinase precursor (EC 3.4.22.34) (Antigen Sj32). [423 residues] 



HGLB SCHMA P09841 Hemoglobinase precursor (EC 3.4.22.34) (Antigen SM32). 
Hemoglobinase precursor (EC 3.4.22.34) (Antigen SM32). [429 residues] 



LEGU CANEN P49046 Legumain precursor (EC 3.4.22.34) (Asparaginyl endopeptidase). 
Legumain precursor (EC 3.4.22.34) (Asparaginyl endope [475 residues] 




http://pfam.wustl.edu/cgi-bin/getdomainview 
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046047 046047 EG:133E12.3 protein (CG4406 protein). EG:133E12.3 protein (CG4406 
protein). [326 residues] 



VPEA A RATH P49047 Vacuolar processing enzyme, alpha -isozyme precursor (EC 3.4.22.-) 
(Alpha-VPE). Vacuolar processing enzyme, alpha-iso [478 residues] 



VPEB ARATH Q39044 Vacuolar processing enzyme, beta-isozyme precursor (EC 3.4.22.-) 
(Beta-VPE). Vacuolar processing enzyme, beta-isozym [486 residues] 



1= 



VPE CITSI P49043 Vacuolar processing enzyme precursor (EC 3.4.22.-) (VPE). Vacuolar 
processing enzyme precursor (EC 3.4.22.-) (VPE). [494 residues] 



VPE RICCO P49042 Vacuolar processing enzyme precursor (EC 3.4.22.-) (VPE). Vacuolar 
processing enzyme precursor (EC 3.4.22.-) (VPE). [497 residues] 



> 



Home | Analyze a sequence | Browse Pfam | Ke yword search | Taxonomy search | Swisspfam | 
Help 

Comments, questions, flames? Email <pfam@genetics. wustl. edu> . 
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# STOCKHOLM 1.0 

#=GF ID Peptidase_C13 

#=GF AC PF01650 

#=GF DE Peptidase C13 family 

#=GF GA -94.0 -94.0 

#=GF NC -154.0 -154.0 

#=GF TC -31.9 -31.9 



VPE_VICSA/lO-3 74 

VPE_CITSl/8-375 

VP E A_ARATH / 5-360 

VPE_RICCO/l7-378 

LEGU_CANEN/l-356 

VPEB_ARATH/ 10-367 

HGLB_SCHMA/5-332 

HGLB_SCHJA/4-32 6 

046047/9-326 

GPI 8_HUMAN/ 1 2 - 3 2 5 

GPI8 YEAST/9 -337 



LFFTI WTFLTWSSGRDL . . . PGDYLRLPSETSRFFREP KNDD 

VLITLLVALAGIADGSRDI . . . AGDILKLPSEAYRFFHNGGGGAKVNDDD 

VSFLALFLFLVAAVSG DVIKLPSLASKFFRPT ENDD 

LVFTLSFLPIPGLLASRLN . . PFEPGILMPTEEAEPVQV DDD 

MVMMLVMLSLHG . TAARLNRREWDSVIQLPTEPVD 

ALLLLLVLLVHA . . ESRGR . . . FEPKILMPTEEANPAD QDE 

SLFLISILHILLVKCQL DTNYEVSDETVS D 

SIFFIHILRIVLVDCN EYSEENVD D 

FWIFALILASCRVEA DNTSVLPEGFVDAA QR 

TVLATVLLLSFGSVAA SHIEDQAEQFF R 

LLLLYIFLLPLS . . GA NNTDAAHEVIA 



VPE_VICSA/lO-3 74 
VPE_CITSl/8-375 
VP E A_ARATH / 5-360 
VPE_RICCO/l7-3 7 8 
LEGU_CANEN/ 1-356 
VPEB_ARATH / 10-367 
HGLB_SCHMA/5-3 32 
HGLB_SCHJA/4-32 6 
046047/9-326 
GPI 8_HUMAN/ 1 2 - 3 2 5 
GPI8_YEAST/9-3 3 7 

VPE_VICSA/lO-374 

VPE_CITSl/8-375 

VPE A_ARATH / 5-360 

VPE_RICCO/l7-3 7 8 

LEGU__CANEN/ 1-356 

VPEB_ARATH / 10-367 

HGLB_SCHMA/ 5-332 

HGLB_SCH JA/ 4-326 

O46047/9-326 

GP 1 8_HUMAN/ 1 2 - 3 2 5 

GPI8_YEAST/9-337 

VPE_VICSA/lO-374 

VPE_CITSl/8-375 

VP E A_ARATH / 5-360 

VPE_RICCO/l7-378 

LEGU_CANEN/l-3 56 

VPEB_ARATH / 1 0 - 3 6 7 

HGLB_SCHMA/5-3 32 

HGLB_SCHJA/4-326 

O46047/9-326 

GP 1 8_HUMAN/ 1 2 - 3 2 5 

GPI 8 YEAST/ 9 -33 7 



DFEGTRWAILLAGSNGYWNYRHQSDVCHAYQLLRKGGSKEENIIVFMYDD 
DSVGTRWAVLLAGSNGFWNYRHQADICHAYQLLRKGGLKDENIIVFMYDD 
DS . . TKWAVLVAGSSGYWNYRHQADVCHAYQLLKKGGVKEENIWFMYDD 
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domain 1 of 1, from 11 to 362: score 599.2, E = 2.7e-177 
*->lvlllvllllllwaardnfddnielpsEevdf f rdddtvgtrWAVL 
lv+1 +11 ++ ++ +++1 + d + +gtrWAVL 

11 LVFLHALLIFSA- -ES RKTQLLNDNDVESSDKSAKGTRWAVL 50 

VaGSnGyfNYRHqADVchaYqlLkkgGiKdenllvfmyDDiAcNerNPrP 
VaGSn y NYRHqAD+chaYq+L+kgG+Kdenllvf myDDiA+ ++NPrP 
51 VAGSNE YYNYRHQAD I CHAYQ I LRKGGLKDENI I VFMYDD I AFS SENPRP 100 

GviiNhpnqgkDvYaGdVpvDYrGeeVtvenFlaVLlGdksaltggSGKv 
GviiN+p +g+DvY+G Vp+DY+ e V+v nF+ VL1G+ s +tgg GKv 
101 GVIINKP-DGEDVYKG-VPKDYTKEAVNVQNFYNVLLGNESGVTGGNGKV 148 

IdSgpnDnlFIYytDHGGpGvLgfPdseeiyAkdIidvLkkkhasgrYke 
++SgpnDnIFIYy+DHG+pG++++P+ e+ Akd+++vL+k+h + Y++ 
14 9 VKSGPNDNIFIYYADHGAPGLIAMPTGDEVMAKDFNEVLEKMHKRKKYNK 198 

LvfyiEACeSgSiFegllpkdLNIyAtTASnaeEsSygtycdgeiPsPPp 
+v +y+EACeSgS+Feg+l k+LNIyA+TA+n+ EsS+g yc+ + P+PP+ 
199 MVIYVEACESGSMFEGILKKNLNIYAVTAANSKESSWGVYCPESYPPPPS 248 

eyvtCLgDLYslaWlEdsekHnlskeTlqqqYksvkkrtslyntysyGSH 
e+ tCLgD s++WlEds+ H +skeTl+qqY++vk+r+ + + SH 
249 EIGTCLGDTFSISWLEDSDLHDMSKETLEQQYHWKRRVGS- -DVPETSH 296 

VmeygDlglrkeklvlf tGf fpavrNf tfvdenplrkpse . . .wnqRDa 
V ++g ++ k++l+ + G +p ++Nftf + + +p+++++ vn RD+ 
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query 297 VCRFGTEKMLKDYLSSYIGRNPENDNFTFTESFS- -SPISnsgLVNPRDI 344 

dLht lwrkyqkanngsek< - * 
+L+ 1 rk+qka+ gs + 
query 34 5 PLLYLQRKIQKAPMGSLE 3 62 



align query/11-362 to Peptidase_C13(ls) Seed 
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Abstract We show by site-directed mutagenesis that the 
catalytic residues of mammalian legumain, a recently discovered 
lysosomal asparaginycysteine endopeptidase, form a catalytic 
dyad in the motif His-Gly-spacer-AIa-Cys. We note that the 
same motif is present in the caspases, aspartate-specific 
endopeptidases central to the process of apoptosis in animal 
cells, and also in the families of clostripain and gingipain which 
are arginyl/lysyl endopeptidases of pathogenic bacteria. We 
propose that the four families have similar protein folds, are 
evolutionary related in clan CD, and have common character- 
istics including substrate specificities dominated by the interac- 
tions of the SI subsite. 
© 1998 Federation of European Biochemical Societies. 

Key words: Legumain; Caspase; Clostripain; Gingipain; 
Peptidase clan 



1. Introduction 

Legumain (EC 3.4.22.34) is a cysteine endopeptidase that 
was until recently known only from plants [1,2] and Schisto- 
soma [3]. In plants there is abundant evidence that legumain 
performs a protein-processing function, causing limited pro- 
teolysis of precursor proteins and protein splicing [2,4]. Fol- 
lowing the discovery of legumain in mammalian cells, and the 
cloning and sequencing of legumain from human [5] and 
mouse [6], we have shown the enzyme to be predominantly 
lysosomal [6], but it has strict specificity for the hydrolysis of 
bonds on the carboxyl side of asparagine which is very differ- 
ent from that of any other lysosomal endopeptidase and 
adapts it particularly for limited proteolysis. Consistent with 
this, there is evidence for a key role of legumain in the proc- 
essing of a bacterial antigen for the MHC class II system in 
the lysosomal/endosomal system of antigen presenting cells [7] 
and it also processes progelatinase A to the active enzyme 
(J.-M. Chen and A.J. Barrett, unpublished results). 

The amino acid sequence of legumain shows it to belong to 
a distinct family of cysteine endopeptidases that has been 
termed peptidase family CI 3. (This and other identifiers for 
peptidase families and clans are as defined in the MEROPS 
database [8,9].) We here describe the identification of the cat- 
alytic residues of legumain, and show how they reveal rela- 
tionships between family CI 3 and several other families of 
cysteine endopeptidases. 



♦Corresponding author. Fax: (44) (1223) 496023. 
E-mail: alan.barrett@bbsre.ac.uk 



2. Materials and methods 

2.1. Mutagenesis and plasmid construction of legumain mutants 
Mouse legumain cDNA was removed from the plasmid construct 

pCMVmusleg [6] with EcoRl and Xhol and subcloned into the pCR- 
Script Amp r SK(+) vector (Stratagene) at the same sites to produce a 
pCRmusleg construct. Mutagenesis was performed by PCR site-di- 
rected mutagenesis as described by Picard et al. [10] with modifica- 
tions. Six mutagenic primers based on the nucleotide sequence of 
human legumain were designed to generate mutants H47A, C52S, 
H150A, H164A, C191S, and S195A. These primers with underlined 
nucleotides encoding the mutated residues were: 5'-GGTATAATTA- 
TAGGGCACAGGCAGACGC-3' for H47A, 5'-AGGCAGACGC- 
GTCCC ATGCCT AC-3 ' for C52S, 5'-CATTTACTTCACTGAC- 
GCT GGATCTACTGG-3' for H150A, 5 ' -CT A ATG ATG ATCTT- 
GCT GTCAAGGACCTGA-3' for H164A, 5'-CTACATTGAAG- 
CCTCTGAGTCTGGGTCC-3' for C191S, and 5'-GTGAGTC- 
TGGG GCT ATGATGAACC-3' for S195A. Since the mutagenic 
primers were based on the human legumain sequence, some silent 
mutations were introduced into the mouse legumain constructs, and 
in mutant H150A the residue Ala- 152 of mouse legumain was re- 
placed by the Ser corresponding in the human sequence. Polymerase 
Pfu was used for all PCR reactions with a typical run of 95°C x 1 min, 
48°Cx 1 min, 72°CX2 min for 30 cycles. Introduction of the mutated 
codon was performed by PCR using a mutagenic primer, the down- 
stream primer of mouse legumain (5'-CTGGTGTTGGTGTGGG- 
ACTTGACC-3'), and pCMVmusleg as the template to generate a 
megaprimer. The megaprimer and the legumain-specific upstream 
primer (5'-GACGCCCGGAATTCCCACGGTT-3') were used for 
the second run of PCR with the same template to generate an 
880-bp product containing the mutated nucleotide(s). This product 
was purified from the agarose gel by use of the Gene Clean Kit 
(BIO 101) and double digested with EcoRl and Hindi . Wild-type 
pCRmusleg was similarly digested with EcoRl and Hindi to remove 
the 880-bp wild type sequence, and the mutated PCR product was 
ligated into this vector to generate the mutated forms of pCRmusleg. 
Plasmid DNA of wild-type and mutant pCRmusleg was propagated 
in E. coli DH10B (Life Technologies) or XLlO-gold (Stratagene) and 
purified by standard procedures [11]. The sequences of all mutated 
constructs were confirmed by sequencing. The full length cDNA of 
mutant legumain was then excised from the cloning vector pCR- 
musleg with EcoRl and Xhol and cloned into the mammalian expres- 
sion vector pCMV-SPORT2 for transient expression. 

2.2. Cell culture and transfection 

Human embryonic kidney (HEK) 293 cells (ATCC no. CRL 1573) 
were maintained in minimal Eagle's medium supplemented with 10% 
fetal bovine serum and antibiotics. The calcium phosphate precipita- 
tion method was used to transfect HEK 293 cells with the wild-type 
and mutant legumain constructs as described [6]. 

2.3. Detection of recombinant legumain and enzymatic assays 

HEK 293 cells transfected with legumain constructs and mock- 
transfected cells were harvested three days after transfection. Cells 
were disrupted by three cycles of freeze and thaw in the lysis buffer 
(0.1 M sodium citrate, pH 5.8, containing 1 mM EDTA and 1% n- 
octyl p-D-glucopyranoside). Cell lysates were collected after centrifu- 
gation at 18000x# for 10 min. The recombinant protein of wild-type 
and mutant legumain expressed in the cell lysate were detected by 
SDS-PAGE immunoblot developed with a polyclonal antibody spe- 
cific to pig legumain [6]. To measure the enzymatic activity of re- 
combinant legumain, lysate (5 ul) was placed in the well of a 96- 
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Fig. 1. Selection of candidate catalytic residues for mutagenesis. Only the parts of the sequences containing well-conserved residues of cysteine 
or histidine are shown. The sequences (numbered according to mouse preprolegumain [6]) are: AJ000990, mouse legumain; Q99538, human le- 
gumain; Q92643, human GPI8 protein; P49046, jack bean {Canavalia ensiformis) asparaginyl endopeptidase ; P49042, castor bean (Canavalia en- 
siformis) vacuolar processing enzyme; P09841, Schistosoma mansoni haemoglobinase; and P42665, Schistosoma japonicum haemoglobinase. 



well microtiter plate and the reaction was started by addition of 120 ul 
of benzyloxycarbonyl-Ala-Ala-Asn-7-(4-methyl)coumarylamide (Z- 
Ala-Ala-Asn-NHMec) solution in assay buffer (39.5 mM citric acid, 
121 mM Na 2 HP0 4 , pH 5.8, containing 1 mM DTT, 1 mM EDTA 
and 0.1% CHAPS) to give 10 uM final concentration of the substrate. 
The plates were incubated at 25°C and readings of fluorescence (ex- 
citation 360 nm, emission 460 nm) were taken at 10 and 130 min in a 
PerSeptive Biosystems CytoFluor II fluorescence plate reader. The 
change between the two readings was the measure of activity. Specific 
legumain activity was obtained by subtracting the control value of 
mock-transfected cells. 



H47A C52S H150A H154A C191S S195A Vector 




WT H47A C52S H150A H164A C191S Sl95A Vector 



Fig. 2. Expression and activity of wild-type and mutant forms of le- 
gumain. a: Lysates (5 ul except HI50A 20 ul) of HEK 293 cells 
transfected with legumain constructs in the pCMV-SPORT2 vector, 
or mock-transfected cells, were run in SDS-PAGE, and transblotted 
for the detection of legumain as described in Section 2. b: Legu- 
main activity of cell lysates as in a, assayed with Z-Ala-Ala-Asn- 
NHMec as described in Section 2. The blank value of activity in 
the mock-transfected cells that has been subtracted is 622 fluores- 
cence units. Bars show S.D. (« = 3). 



3. Results and discussion 

3.1. Catalytic dyad of legumain 

The catalytic residues in all known cysteine endopeptidases 
are a dyad of cysteine and histidine, which may occur in either 
order, cysteine-histidine or histidine-cysteine, in the amino 
acid sequence. Accordingly, the residues His-47, Cys-52, 
His- 150 and Cys-191 were selected as targets for mutagenesis 
by inspection of an alignment of the sequences for family CI 3, 
part of which is shown in Fig. 1 . Site directed mutagenesis was 
done as described in Section 2 to generate mutant constructs 
H47A, C52S, H150A and C191S. Two additional constructs, 
H164A and SI 95 A, were made as controls. Wild-type and 
mutant proteins were transiently expressed in HEK 293 cells 
under the control of the CMV promoter. Immunoblotting 
analysis showed that recombinant proteins from all constructs 
were expressed and processed to mature forms similar in mo- 
lecular size (35 kDa) to the wild-type protein (Fig. 2a). The 
H150A mutant was expressed about four-fold less efficiently 
than the other forms as judged by inspection of the immuno- 
blots. 

Assays of legumain activity in extracts of cells expressing 
the mutated forms of the enzyme revealed that mutants 
H150A and C191S were completely inactive, whereas H47A 
and C52S were 54% and 101%, respectively, as active as the 
wild type. The two control mutants, H164A and SI 95 A, were 
also as active as the wild type (Fig. 2b). In separate experi- 
ments (not shown) the C191S mutant of human legumain was 
made and again was found to be expressed normally but to be 
inactive. We conclude that His-150 and Cys-191 are essential 
for the catalytic activity of legumain and can be assumed to 
represent the catalytic dyad of the enzyme. The legumain of 
Schistosoma mansoni apparently lacks Cys-191 (Fig. 1), and 
we assume that the published sequence is that of an inactive 
variant of the enzyme. This would be consistent with the fail- 
ure of Gotz and Klinkert [12] to detect activity of the Schis- 
tosoma mansoni enzyme expressed in insect cells, but Cys-191 
is present in the S. japonicum sequence. The other generally 
conserved cysteine residue, Cys-52, is absent from the human 
GPI8 protein that catalyses the attachment of glycosylphos- 
phatidylinositol anchors to proteins [13,14]. 

3.2. An active site motif recognised in legumain is present in 
other families 

The amino acid sequence of the segment of the polypeptide 
chain containing the catalytic residues identified in legumain 
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Cll 

P0 9 8 7 0 ADKYjJJJEfAJ^jjg^^ • EJCLKgTAEVAYQYR 

C25 * 

Q5 18 16 GGIS[EnBtg2E SETAWGTS HFGTTKVKQLTNSNQLP5E5 DV 2? V ^ DFI * FSMI>CF 

b Secondary structures 

C13 - -bbbbbbb bbbb- - -aa . aaaaaaaaaaaaaa bbbbbbbb . b 

C14 bbbbbbb -bb- -bbbb t tt bb. bbaaaaaaaa tttt-bbbbbb. b- - . bbbbb 

Cll bbbbbb bb bbbbbb aaaaaaa . aaa bbbbb - 

C2S - - bbbbbb bbbbb bbbbbbb bbbbbbbbb bbbb- aaa 

Fig. 3. Alignment of the catalytic sites of cysteine endopeptidases of families of legumain (CI 3), caspase-1 (CI 4), clostripain (Cll) and gingi- 
pain R (C25). a: The sequence segments containing the known or putative catalytic residues (magenta and yellow) in each of the four families 
were aligned manually by the introduction of gap residues It can be seen that two or three residues N-terminal to each of the catalytic resi- 
dues there is a block of four predominantly hydrophobic residues (green). Other residues that tend to be conserved between the families are 
printed in white on black. Asterisks are placed over the His and Cys residues in each family for which they have been identified experimentally 
as catalytic, and in addition the His residue in family C25 was proposed to be catalytic by PavlofT et al. [19] on the basis of its conservation in 
the family. Key to sequences: AL000990, mouse legumain; Q99538, human legumain; P49046, jack bean (Canavalia ensiformis) asparaginyl en- 
dopeptidase; P42665, Schistosoma japonicwn haemoglobinase; P49048, Caenorhabditis elegans hypothetical protein T05E11.6; Q92643, human 
GPI8 protein; P42574, human caspase 3; P55210, human caspase 7; P55212, human caspase 6; O01382, Drosophila melanogaster caspase; 
P29466, human caspase 1; P42573, Caenorhabditis elegans CED3 protein; P0987O, Clostridium histolyticum ct-clostripain ; Q51816, Porphyromo- 
nas gingivalis gingipain R. b: The corresponding secondary structures are those determined crystallographically for human caspase-1 (family 
C14; PDB 1IBC) or predicted for the C13, Cll and C25 families by the PHD program [20]. The p-strand residues are marked 'b\ the a-helix 
residues ( a' and the turn residues V. Both catalytic residues in family C14 are preceded by p-strands (strands S3 and S4, respectively) and with 
one exception these strands (containing the blocks of hydrophobic residues noted in a above) are predicted for the other families. The second- 
ary structure elements shown here for the caspase family can be seen in the three-dimensional representation of Fig. 4. 



was compared with sequences of cysteine peptidases in other 
families. As shown in Fig. 3, it was found that a motif His- 
Gly-spacer-Ala-Cys could be recognised not only in the legu- 
main family but also in the families of caspase-1 (CI 4), clos- 
tripain (Cll) and gingipain R (C25). The caspases are mam- 
malian cytosolic endopeptidases that play key roles in 
apoptosis, whereas clostripain and gingipain are cysteine en- 
dopeptidases from the pathogenic bacteria Clostridium histo- 
lyticum and Porphyromonas gingivalis, respectively [15,16], 
The cysteine residues in this motif have already been identified 
as the catalytic cysteines of all three of these other families 
[17-19] and the histidine has been identified as catalytic in 
C 14 [18] and suggested tentatively for C25 [19]. Closely pre- 
ceding each of the catalytic residues in all four families is a 
block of four hydrophobic amino acids (marked in blue in 
Fig. 3a). The corresponding parts of the secondary structures 
predicted for mouse legumain, clostripain, and gingipain R by 




Fig. 4. Tertiary structure of part of the caspase-1 molecule (pepti- 
dase family C14) drawn from PDB record 1IBC by use of the 
MOLSCRIPT program [26]. Shown in green are the two (J-strands 
that support the catalytic residues, histidine (pink) and cysteine (yel- 
low), and the remainder of the segment included in the alignment of 
Fig. 3 is coloured in cyan. 
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the PHD program [20] are shown in Fig. 3b, and are generally 
in good agreement with the structure known for caspase-1 
[18]. The longest spacer sequence exists in clostripain, but it 
is notable that the maturation of clostripain normally involves 
the autolytic excision of the nonapeptide 156-159E, although 
this is not required for activity [21]. As shown in Fig. 4, the 
catalytic residues of caspase-1 occur at the ends of two paral- 
lel p-strands. These are two central strands in a set of six that 
form a P-sheet at the core of the molecule, and the blocks of 
hydrophobic residues seen in the alignment are contained in 
the strands. This arrangement is expected to be mirrored in 
the other families. 

3.3. The active site motif is unique 

We next asked whether the sequence motif that contains the 
catalytic dyad in each of these four families of cysteine endo- 
peptidases occurs in other proteins too. First, Motif 1 (Table 
1) was formulated to include the blocks of hydrophobic res- 
idues preceding each of the catalytic residues as highlighted in 
Fig. 3, and the two non-hydrophobic residues immediately 
preceding the catalytic cysteine, and this was used to search 
the protein sequence databases. All 37 sequences retrieved 
proved to be known members of peptidase families CI 1, 
CI 3, C14 or C25, but many peptidases of these families 
were not recognised by Motif 1, so the more relaxed Motif 
2 was constructed. This allowed a greater or lesser number of 
residues spacing the catalytic His and Cys, any hydrophobic 
residue at any position in the blocks preceding each member 
of the catalytic dyad, and restrictions on residue 189. With 
Motif 2, 66 hits were retrieved, and these included all but 
seven of the known members of the four families together 
with just three apparently unrelated false positive sequences 
all for hypothetical proteins (Table 1). 

It is evident from these results that Motif 2 is very effective 
in screening protein sequences for the peptidases of just four 
families. Sequences belonging to all other known families of 
cysteine peptidases were quite unrecognised, notably including 
those from the papain (CI) and the calpain (C2) families, and 
those of many viruses. 

3.4. Four families in clan CD 

We believe that these findings represent strong evidence that 
the four families of cysteine peptidases CI 1, C13, C14 and 
C25 are evolutionarily related, albeit very distantly, and that 
they retain topological similarities in the catalytic sites. Test- 
able predictions from this proposal are that the same histidine 
residue (His- 150 in Fig. 3) will be found experimentally to be 
essential for catalysis in clostripain and gingipain R, and that 
when three-dimensional structures are determined for repre- 
sentatives of families Cll, CI 3 and C25 they will show sim- 
ilarities to those of the caspases. 

Family C14 has already been assigned to clan CD in the 
classification of the MEROPS database [9] on the grounds of 
its distinctive protein fold, and has been the only family in this 
clan, but we now propose that families Cll, CI 3 and C25 
should be added to clan CD. One of the purposes of assem- 
bling clans of peptidases is the expectation that the evolution- 
ary and structural similarities between the peptidases in re- 
lated families will tend to be reflected in similar 
enzymological properties and sometimes even functions. The 
enzymes of clan CD do indeed have striking similarities in 
catalytic activity. All are very specific endopeptidases, with a 



Table 1 

Database searches for proteins containing sequence motifs based on 
the active site sequence identified in legumain 

Motif [AFILV]-[CILV]-[AFINVY]-[FILMY].[ALMST]-X-H-G-X(2. 
1: 4,47)-[ILPV]-[FILV]-[AFIY]-[AFIV]-X(l ) 2)-A-C 
Motif [AFILMVWY]-[ACFILMVWY]-[ACFILMNVWY]-[AFIL- 
2: MVWYHAFILMSTVWY]-X-H-G-X(20,60)-[AFILMPV- 
WY]-[AFILMVWY](3)-[EDQN]-X(0J)-[ACST]-C 



Sequences retrieved 
Cll P09870 

C13 Q24325 , 024326, 046047, P42665, P49018, P49042, P49043, 
P49044 > P49045 , P49046, P49047, P49048, Q39044 , Q39119, 
Q92643, Q99538 

C14 001382 , 002002 , 002229 , 002433 , 008736, 008738, 
014676, 014822, 035397, 035669, 042284, 055194, 
P29452 , P29466 , P29594, P42573 , P42574 , P42575, P43527 , 
P45436, P49662, P51878, P55210, P55211 , P55212, P55213 , 
P55214, P55215, P55865, P55866, P55867, P70343 , P70677 , 
P89116, P97864 , Q14790, Q60431 , Q92851, Q98943 

C25 033441, P28784, P95493, Q51816 , Q51838, Q51839, Q5 1844 

Sequences not in families Cll, C13, C14 or C25 
022161, 028117, Q53839 

Sequences not retrieved although recognised members of families Cll, 

C13, C14 or C25 

Cll None 

CI 3 024539, P09841 

C14 P42576 

C25 007442, P72 1 94, Q5 1 8 1 7, Q5 1 8 1 8 

The two motifs were formulated according to the conventions of 
PROSITE [27] and used to search the SWISSPROT and TREMBL 
databases (10 August 1998; 223 599 sequences) by use of the SCAN- 
PROSITE program at the ExPASy server [27]. Motif 1 retrieved the 
37 sequences underlined, all of which are recognised members of fam- 
ilies Cll, CI 3, C14 or C25. Motif 2 retrieved 66 sequences of which 
63 are recognised members of these families, but three are not. Seven 
sequences of known members of families Cll, CI 3, C14 or C25 were 
not retrieved by either motif. These were 024539, Vicia narbonensis 
legumain (with Cys-147); P09841, Schistosoma mansoni haemoglobi- 
nase (with Cysl91Asn replacement); P42576, isoform of the positive 
P42575; 007442, P72194 and Q51817, Q51818, aberrant forms of 
gingipain. Five sequence fragments that did not overlap the consensus 
sequence were ignored. 



strict requirement for the side chain of the PI amino acid 
residue that provides the carbonyl group in the scissile peptide 
bond: arginine for clostripain (family Cll), asparagine for 
legumain (CI 3), aspartate for the caspases (CI 4) and arginine 
or lysine for gingipain R or gingipain K, respectively, in fam- 
ily C25. This type of specificity is not characteristic of the 
more familiar but quite unrelated cysteine peptidases that 
are homologues of papain in clan CA, which generally show 
broad specificity with greatest selectivity in subsite S2 [22,23], 
There are also similarities in inhibition characteristics. All of 
the peptidases in the families now assigned to clan CD are 
resistant to irreversible inhibition by compound E-64 [L-3-car- 
boxy-2,3-rra«j-epoxypropionyl-leucylamido-(4-guanidino)bu- 
tane], which has often been thought of as a general reagent for 
cysteine endopeptidases. (Reversible inhibition of gingipain R 
and clostripain is attributable to the fact that E-64 is an argi- 
nine analogue [24,25].) However, the cysteine endopeptidases 
of clan CD are susceptible to peptide aldehyde and peptidyl- 
chloromethane inhibitors, and it now appears that it may be 
possible to take advantage of successes in the structure-based 
design of inhibitors for the caspases to design inhibitors for 
enzymes in the other families, modifying specificity simply by 
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matching the different PI requirements in a similar active site 
geometry. 

3.5. Evolution of clan CD 

The families of clan CD are widely distributed. Clostripain, 
the only known member of family CI 1, occurs in Gram-pos- 
itive bacteria, and the gingipains of family C25 in Gram-neg- 
ative bacteria. In contrast, members of family CI 3 are known 
from plants, fungi and animals, and the caspases of family 
CI 4 are known only from animals. The idea that these four 
families are derived from a common ancestor raises the ques- 
tion of the route by which the caspases and the legumains 
reached mammals following the origin of the clan presumably 
in the prebiotic genote. The eukaryote sequences are very 
different from those in bacteria, and thus give no indication 
of horizontal transfer from bacteria to eukaryotes. None of 
the four families is yet reported to be represented in archaea 
or protista, but it seems that representatives of the clan must 
have existed there at some time, and we suggest they may yet 
be found in the modern members of these groups. 
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Starting search. Estimated time: 14 seconds (assuming all Wulfpack nodes are running). Please 
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Pfam HMM search results, glocal+local alignments merged 
( Pf a m_l s + Pf a m_f s ) 

[Go here for an explanation of the format of the results! 



Model ? eq " S f q " " MM " ™ M " Score E r Alignment Description 

from to from to value * K 

„ jt ^ jt f-^A a 7.5e- , . Eukaryotic aspartyl 

Masa 10 485 1 414 584.4 1?3 9 local protease 

HSPU 294 328 1 35 66.! 7 *J glocal B ' 

IISMfi-1 357 395 1 39 69.2 g ,oca, »' 



Alignments of top-scoring domains: 

Format for alignment of query to Seed: 



Plain text 



j\ f } query 



query 



query 



query 



asp: domain 1 of 1, from 10 to 485: score 584.4, E = 7.5e-173 

RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
* - >f ariplkkgkSlreklsekgvlldf lvkhkanpltksrlgaaasSkg 
+r+ lkk kl+ k+ 1+ + ++ +pl ++rlg+ S + 
10 TFRVGLKKL KLDS KNRLAARVE S KQEKPLRAYRLGD SGD 4 8 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
savepllnyldDaeYygtlsIGTPpQkFtVvFDTGSSDLWVPDsSvyCts 
++V++1 nyl Da+Yyg+I IGTPpQkFtVvFDTGSS+LWVP S++C++ 

49 AD VWLKNYL - DAQYYGE I AIGTPPQKFT WFDTGS SNLWVP - - S SKC YF 95 

RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
sySaqTniACkshgtFdPSkSSTYkslGttlf f sIsYGdGSSasGf lgqD 
s AC+ h + + +S+SSTY ++G++ +I+YG+G Gf++ D 

96 S LACLLHPKYKSSRSSTYEKNGKA-A-AIHYGTGA-IAGFFSND 136 

RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
TVtvGGisvtnQqFGlatkEPGsf Fvtavf DGILGlGf psisavggssaf 
VtvG+++v+ Q+F +atkEPG++Fv a+f DGILGlGf ++is+++ 
137 AVTVGDLWKDQEFIEATKEPGITFWAKFDGILGLGFQEISVGK 181 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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query 



tytpVfdnlksQGLIdspaFSvYLNsddgsaqasgGeiiFGGvDpskYtG 
+ pV++n+ +QGLI++p+FS++LN+++ + + +gGe++FGGvDp++++G 
182 - AAPVWYNMLKQGL I KEPVFS FWLNRNA - DEE - EGGELVFGGVDPNHFKG 228 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
sltwvpVtssDdegdivsqgyWqitldsitvggsaCHttfcssGcqAUD 
++t+vpVt ++gyWq+ ++++ +gg t+fc+sGc AI+D 

229 KHTYVPVT QKGYWQFDMGDVLIGGAP- -TGFCESGCSAIAD 267 



RF xxxxxxxxxxxxxxxxxxxxxxxxxx 

TGTsLlygPssivskiakavGAsese 

+GTsLl+gP++i++ i+ a+GA+ + +++ ++ ++ +++ + ++++ 
query 268 SGTSLLAGPTTI ITMINHAIGAAGWsqqcktwdqygqt i ldll lsetq 317 

RF 

+++ ++ + + +++++ + + ++ ++++ + +++ ++ + + 
query 318 pkkicsqiglctf dgtrgvsmgieswdkenaklsngvgdaacsacemav 3 67 

RF xxxxxxxxxxxxxxxxxxx 

GeYwdCdsisslpdvtFf 

+++ +++ ++++ + ++ ++ +++ Ge vdC+++s++p+v+ + 
query 368 vwiqsqlrqnmtqerilnyvnelcerlpspmGESAVDCAQLSTMPTVSLT 417 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
igGkkitVPpsayvlqnsqggssPndiClsGfqssddipppggplwILGD 
igGk + + p++yvl++++g P +C+sGf + +d++pp gplwILGD 
418 IGGKVFDLAPEEYVLKVGEG PVAQCISGFIA-LDVAPPRGPLWILGD 463 



query 



RF xxxxxxxxxxxxxxxxxxxxxx 
vFLRsyYWFDrdNnrvGlApa< - 
vF+++y++VFD++N +vG+A+a 
4 64 VFMGKYHTVFDFGNEQVGFAEA 



485 



align query/10-485 to asp(ls) Seed 



SapB_2 : domain 1 of 1, from 294 to 328: score 66.1, E = 7.8e-17 

*->sdqCkkfVdqYgpliidlLvsgldPkevCsklglC<-* 
s+qCk++VdqYg++i+dlL+s+++Pk++Cs++glC 
query 2 94 SQQCKTWDQYGQTILDLLLSETQPKKICSQIGLC 32 8 



align query/294-328 to SapB_2(ls) Seed 



SapB_l: domain 1 of 1, from 357 to 395: score 69.2, E = 8.9e-18 

*->dilCelCemvVkevenlLkdnkTqeeIlkaLeklCdlLP<-* 
d+ C++Cem+V++++ +L++n Tqe I1+++++1C++LP 
query 3 57 DAACSACEMAWWIQSQLRQNNTQERILNYVNELCERLP 3 95 



align query/357-395 to SapB_1(ls) Seed 
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Pfam HMM search results, glocal+local alignments merged 
( Pf a m_l s + Pf a m_f s ) 

[Go here for an explanation of the format of the results! 



Model ? eq " S ? q " " MM ~ ™ M " Score E r Alignment Description 

from to from to value * K 

- aaa o 1.8e- , , Eukaryotic aspartyl 

Hase 32 507 1 414 539.9 lsg glocal 

IISMB.Z 319 353 1 35 56.7 gl ocal B ' 

IISMBJ. 379 417 1 39 57.9 9'ocal ^"-Hke type B, 



Alignments of top-scoring domains: 



Format for alignment of query to Seed: 



Plain text 



asp: domain 1 of 1, from 32 to 507: score 539.9, E = 1.8e-159 

RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
*- >f ariplkkgkSlreklsekgvlldf lvkhkanpltksrlgaaasSkg 
+ri lkk k ++S+++ ++ fl+ + + +k+ + +++ + 
query 32 TIRIGLKKRK LDRSNRLASQLFLICNRGSHWS PKHYFR - LND - EN 73 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
savepllnyldDaeYygtlsIGTPpQkFtVvFDTGSSDLWVPDsSvyCts 
++ +pl nyl Da+ Yyg+ 1 + IGTPpQkFtV+FDTGSS +LW+P S++C+ 

74 ADMVPLKNYL-DAQYYGDITIGTPPQKFTVIFDTGSSNLWIP- -STKCYL 120 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
sySaqTniACkshgtFdPSkSSTYkslGttlf f sIsYGdGSSasGf lgqD 
s +AC h+++ +S+SS+Y+++G++ sI+YG+G SG+++ D 

121 S VACYFHSKYKASQSSS YRKNGKP - A - S IRYGTGA- 1 SGYFSND 161 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
TVtvGGisvtnQqFGlatkEPGsf Fvtavf DGILGlGf psisavggssaf 
V vG+i+v+ Q+F +at+EPG++F a+f DGILGlGf ++is+++ 
162 DVKVGDIWKEQEFIEATSEPGITFLLAKFDGILGLGFKEISVGN 2 06 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
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query 



tytpVfdnlksQGLIdspaFSvYLNsddgsaqasgGeiiFGGvDpskYtG 
tpV++n++ GL+++p+FS++LN+++ +gGe i +FGGvDp +++G 

207 -STPWYNMVEKGLVKEPIFSFWLNRNP-KDP-EGGEIVFGGVDPKHFKG 253 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
sltvyrvpVtssDdegdivsqgyWqitldsitvggsaCHttf cssGcqAIlD 
+t vpVt +gyWq+ ++++++ g+ t+ c+ Gc AI+D 

254 EHTFVPVT HKGYWQFDMGDLQI AGKP - - TGYCAKGCSAIAD 2 92 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxx 

TGTsLlygPssivskiakavGAsese 

+GTsLl+gPs++++ i + a+GA+ +++ + ++ +++ ++ +++ 
293 SGTSLLTGPSTVITMINHAIGAQGIVsreckawdqygktmlnsllaqed 342 



query 



RF 



+++ ++ + +++++ + + ++ ++++++ ++ + + 
343 pkkvcsqigvcaydgtqsvsmgiqswddgtsgllnqamcsacemaavwm 392 



query 



RF xxxxxxxxxxxxxxxxxxxxxx 

GeYwdCdsisslpdvtFf igG 

+++ ++++++++ + ++ ++++++ vdC ss+p vtF+igG 

393 eseltqnqtqerilayaaelcdhiptqnQQSAVDCGRVSSMPIVTFSIGG 442 



query 



RF xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
kkitVPpsayvlqnsqggssPndiClsGf qssddipppggplwILGDvFL 
++ ++p +y+++ ++g +s +C+sGf + +di+pp gplwILGD F+ 
443 RSFDLTPQDYIFKIGEGVES QCTSGFTA-MDIAPPRGPLWILGDIFM 488 



query 



RF xxxxxxxxxxxxxxxxxxx 
RsyYvVFDrdNnrvGlApa< - * 
+ y++VFD++ rvG+A+a 
4 89 GPYHTVFDYGKGRVGFAKA 5 07 



align query/32-507 to asp(ls) Seed 



SapB_2 : domain 1 of 1, from 319 to 353: score 56.7, E = 5.3e-14 

* - >sdqCkkf VdqYgpliidlLvsgldPkevCsklglC< - * 
s +Ck++VdqYg ++++ L++++dPk+vCs++g+C 
query 319 SRECKAWDQYGKTMLNSLLAQEDPKKVCSQIGVC 353 



align query/319-353 to SapB_2(ls) Seed 



SapB_l: domain 1 of 1, from 379 to 417: score 57.9, E = 2.3e-14 

*->dilCelCemvVkevenlLkdnkTqeeIlkaLeklCdlLP<-* 
+++C++Cem+ +++e L +n+Tqe I1++ +lCd++P 
query 379 QAMCSACEMAAVWMESELTQNQTQERILAYAAELCDHIP 417 



align query/379-417 to SapB_1(ls) Seed 



NEW! Phyl gen mic analysis of query using RIO , 

http://pfam.wstl.edu/cgi-bin/hmmsearch 



10/13/2003 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 



PATENT NO. : 5,283,184 Page 1 of 1 

DATED : February 1, 1994 

INVENTOR(S) : Jorgcnsen; Richard A.; Napoli, Carolyn A. 



It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 



Title page. 

After "The portion of the term of this patent subsequent to", "July 27, 2010" should 
be replaced with - March 30, 2009 



Signed and Sealed this 
Twenty-eighth Day of August, 2001 

Attest: 

HM** P. 



Attesting Officer 



NICHOLAS P. GOD1CI 
Acting Director of the United States Patent and Trademark Office 



United States Patent m 

Jorgensen et al. 



iiiiiiiiiiini 



US005283184A 

[ii] Patent Number: 5,283,184 
[45] Date of Patent: * Feb. 1, 1994 



[54] GENETIC ENGINEERING OF NOVEL 

PLANT PHENOTYPES 
[75] Inventors: Richard A. Jorgensen; Carolyn A, 

Napoli, both of Davis, Calif. 
[73] Assignee: DNA Plant Technology Corporation, 

Mt Kisco, N.Y. 
[ * ] Notice: The portion of the term of this patent 

subsequent to Jul. 27, 2010 has been 

disclaimed. 
[21] Appl. No.: 687,550 
[22] Filed: Apr. 17, 1991 

Related UJS. Application Data 

[63] Continuatioc-in-part of 5er. No. 301,076, Mar. 29, 
1990, and a continuation-in-part of Ser. No. 331,338, 
Mar. 30, 1989, Pat. No. 5,034,323. 

[51] Int a.5 C12N 15/29; C12N 15/82; 

A01H 4/00 

[52] US. CL 435/1723; 800/205; 

800/DIG. 67;800/t>IG. 12; 435/320.1; 
935/30; 935/35; 935/64; 935/67 

[59] Field of Search PLT/82.1, 77, 80, 82.4; 

800/200, 205, DIG. 67, DIG. 12; 435/172:3, 
320.1; 935/35, 64, 67, 30 
[56] References Cited 

U.S. PATENT DOCUMENTS 

5,034,323 7/1991 Jorgensen ct al ; 435/172.3 

FOREIGN PATENT DOCUMENTS 

0218571 4/1987 European Pat. Off. . 
0257993 3/1988 European Pat. Off. . 

OTHER PUBLICATIONS 

Niesbach-Klosgen et al. (1987) J. Mol. Evol. 
26:213-225. 

van der Krol et al. (Jun. 1988) Nature 333:866-869. 
van der Krol et al. (1990) Plant Molecular Biology 
14:457-466. 

Meyer, et al. (1987) Nature 330: 677-678. 

Fillati, et al. (Jul. 1987) Bio/Technology 5:726-730. 

Martin; et al. (1985) The EMBO Journal 

4(7):1625-1630. 

Reif, et al. (1985) Mol. Gen. Genet. 199:208-215. 
Reeves et al., (1986) Gen. and Cytogen., Biol. Abstr. 
83(2): AB-45+455, 13846 (1986). 



Krishnan et al. (1986) Plant Phys. Biochem. and Bio- 

phy., Bi 1. Abstr. 82(7):AB-855, 67053. 

Hansen (1987) Carlsberg Res. Common., 52:381-392. 

Schcrer et al. (1987) Plant Mol. Biol. 9:127-134. 

Horsch et al. (1985) Science, 227:1229-1231. 

Hall et al. (1987) New Phytologist, 103:33-43. 

Mol et al. (1983) Mol. Gen. Genet. 192:424-429. 

Forkmann et al. (1979) Planta, 144:189-192. 

Dunsmuir et al. (1987) Plant Biotechnology (T. Mabry, 

Ei) IC2 Institute, 107-119. 

Martin et al. (1985) EMBO J., 4:1625-1630. 

Van Tunen et al. (1988) EMBO J., 7:1257-1263. 

Spribille et al. (1982) Planta, 155:176-182. 

Koes et al. (1987) Plant Mol. Biol, 10:159-169. 

Koes et al. (19861 Nucleic Acids Res., 14:5229-5239. 

Reimold et al. (1983) EMBO J., 2:1801-1805. 

Kreuzaler et al. (1983) Proc. Natl. Acad Sci. USA, 

80:2591-93. 

Fillatti et al. (1987) Bio/Technology 5:726-730. 
Wiering et al. (1984) "Genetics of Flower and Pollen 
Colors" in Petunia, Monographs on Theoretical and 
Applied Genetics, vol. 9 (K. C. Sink, Ed.), Springer 
Verlag, Berlin. 

Martin et al. (1987) "The Control of Floral Pigmenta- 
tion in Antirrhinum Majus" in Developmental Mutants 
in Higher Plants, (Thomas & Grierson, Eds.) Cam- 
bridge University Press. 

Harborne (1976) "Functions of Flavonoids in Plants" in 
Chem. and Biochem. of Plant Pigments (T. Goodwin, 
Ed.) 2nd Ed., vol. 1, Academic Press, London, p. 737. 
Hahlbr6ck Xl981) ."Flavornoids" in the Biochem. of 
Plants (E. Conn, Ed.) vol. 7, Academic Press. 
Ozeki et al. (1987) Physiologia Plantarum, vol. 69, 128. 
Promega 1988/89 Catalog (Wisconsin, U.S.A., page 2). 

Primary Examiner— Che S. Chereskin 

Attorney, Agent, or Firm — Townsend and Townsend 

Khourie and Crew 

[57] ABSTRACT 

Methods are provided for producing plants exhibiting 
one or more desired phenotypic traits. In particular, 
transgenotes are selected that comprise a DNA segment 
operably linked to a promoter, wherein transcription 
products of the segment are substantially homologous 
to corresponding transcripts of endogenous flavonoid 
biosynthetic pathway genes. 

31 Claims, 4 Drawing Sheets 



U.S. Patent Feb. 1, 1994 Sheet 1 of 4 5,283,184 




FIG.JA. 



U.S. Patent Feb. 1, 1994 



Sheet 2 of 4 



5,283,184 




FI6.JB. 



U.S. Patent 



Feb. 1, 1994 



Sheet 3 of 4 



5,283,184 



l l 3 4 5 6 7 8 9 K) II 12 13 14 15 16 17 18 




U.S. Patent Feb. 1,1994 Sheet 4 of 4 5,283,184 



NediBonUNeel, 



LYUNKOK 
TW/HkI 



•EcoRI 

Soel/BonHI 
Kpnl 

SmI/XwI 
BmNI 
■XW 

■SolI/Acel/HMI 
■Prfl 
Spill 
■Hind EI 




-Bgll 



/p35S 



H^BwHINcoI 
Hindi BomHl\ e-J/rSocI 



Bgll/BomHI 




Cab Li 



,XhoI 
Ncol 



OLYLINKER 
iI/Hoel 



EcoRI/WI 



FIG. J. 



NUN 

CHS 

DOS 3* 



Hindi 

SmI 

Hmdm 

BmHI 

Xbol 

tcoRI 

Sad/taW 

w* 

■M 

-polI/Acd/HKidni 

A 



1! 



5,283,184 

1 2 

attract insects who assist in the pollination process es- 
GENETIC ENGINEERING OF NOVEL PLANT sential for the sexual reproduction f the higher plants. 

PHENOTYPES Of course, the decorative and ornamental features im- 

part to flowers a significant commercial value. 
CROSS-REFERENCE TO RELATED 5 Mankind, has traditi nally intervened in some f the 

APPLICATIONS natural processes by, e.g., simply selecting particular 

This application is a Continuation-in-part of U.S. Ser. , , flower colors and patterns which might otherwise not 
No. 07/501,076, filed Mar. 29, 1990, and claims priority nave survived in nature. Breeders routinely generate 
from PCT application no. US89/03565 filed Aug. 18, new and unusual flower phenotypes by a variety of 
1989 and U.S. Ser. No. 07/331,338 filed Mar. 30, 1989, 10 time-tested breeding methods. The classical techniques . 
now U.S' Pat. No. 5,034,323. for breeding improved plants, such as different flower 

varieties with altered flower color intensities or color 
FIELD OF THE INVENTION patterns, typically required natural genetic variability 

This invention relates generally to the use of recombi- within the experimental gene pool of the species and its 
nam DNA methods for genetically altering plants, and 15 relatives. More recently, the generation of variability by 
more particularly, to improved means for altering plant induction of mutations has been utilized. Breeders then 
phenotypes, such as color patterns and color intensity of select among the resulting population those products 
flowers and other plant parts. exhibiting interesting phenotypes, for further character- 

BACKGROUND OF THE INVENTION 20 ^Unfortunately, the induction of muutions to generate 

Controlling metabolic pathways in plants has long diversity often involves chemical mutagenesis, radiation 
been a goal of horticulturists. See, e.g., Bonner and mutagenesis, tissue culture techniques, or mutagenic 
Varner (1976) Plant Biochemistry, Academic Press, . genetic stocks, these methods provide means for in- 
New York, which, is incorporated herein by reference. creasing genetic variability in the desired genes, but 
The advent of recombinant DNA technology has pro- 25 frequently produce deleterious mutations in many other 
vided tfew approaches to. reaching that goal. While g Cnc$ These other traits may be removed, in some 
iignificant progress has been made in understanding instances, by further genetic manipulation (eg., back- 
gene regulation, control of plant gene regulation re-. #055^ but such work is generally both expensive 
mains at a relatively early state of development. _ ■ ^ ^ burning. For example, in the flower busi- 

The \vater soluble pigment ^flavonoids ^are = agnifi<^t »- n ^ Ac ro ^ of stcm j^g^ and length, disease 
in their contrmutibn to the coloration and other proper. t ^ m ^- noamtaining quality are important, but 
ties of higher plants. For example, the flavonoids are ^ ^ mpromiscd m the mutagenesis process, 

responsible for most orange, sc^kt, crimson, mauve As noted, the advent of recombinant DNA technol- 
vtolet and blue colors, and conmbute ^^^y to q q ^ horticulturists with additional means 

yeUowi ivory and cream colored flowers ^ Har- 35 .« gcnomes . while certainly practical 
borne, 0>76) ^^^^ ffl iSO me X ? 0 datf genetic eugmeermg meihods have 
i^^Zh^iL^^ had limited success in modifying the flavonoid biosyn- 

The most important of the pigment molecules are the ^ pathways. Recently, the inhibition of 

resfonsible for the prange-red, magenta and mauve ^^r""* ^fS 5 T*r?SSS i S S S^^^fSS^ST^^ 

colons, respectively. The other major flavonoid types, . (Van <*rKrol etal., (1988) Nature 333*66-869). 

the chalcones, isomeric flavanones, flavones and flavo- . Thus, there exists a^need for improved methods for 

nols are light colpred and tend to have relatively producing plants with desired phenotypic traits. In 

smaller effects on intensity or patterns of color. 45 .particular, these methods should provide general means 

The functions of these pigments extend well beyond /« phenotypic modification, and may lessen or elimi- 

coloration of flowers, however. The pigments also ™* «*irely * c necessity for performing expensive and 

color fruits, leaves and other plant parts, and impor- time-consuming backcrossing. 

tantly provide plants with UV protection, as well as SUMMARY OF THE INVENTION 

protection against herbivores and microbes. Other uses 50 

include allelopathy and even some pharmaceutical ap- In accordance with the present invention, methods 

plications. and. compositions are provided for producing plants 

The biosynthetic pathways of these various pigments exhibiting one or more desired phenotypic or genotypic 
have been extensively studied in many different plant traits. The invention is based in part on the surprising 
species. The chalcones and aurones are products requir- 55 discovery that plants exhibiting desired trait(s) can be 
ing only the initial biosynthetic enzymes, being direct selected from transgenotes comprising a nucleic acid 
products* of the earliest precursors. The flavones and segment operably linked to a promoter, wherein tran- 
flavonols are mtennediate, and the anthocyanins are scription products of the segment are substantially ho- 
products requiring' substantial modifications from the mologous to corresponding transcripts of an endoge- 
mitial precursors. All of these products are dependent 60 nous gene. The transgenotes are grown into plants, such 
upon the activity of the initial enzyme chalcone syh? as flowering plants capable of exhibiting novel traits, 
thase (CHS), which catalyses the production of chal- including a reduction in color intensity, an altered pat- 
cone from three molecules of malonyl-Coenzyme A and tern color, or a change in basic color of the plant flow- 
one molecule of coumaroyl-Coenzyme A. ers or other plant organs. 

Essentially, all of these phenotypic traits have natu- 65 The invention further embraces the introduction f 
rally evolved coordinately with constraints related to ne or more metabolic enzyme gene regions, e.g., flavo- 
plant reproduction. For example, the appearance of a noid biosynthetic pathway gene regions, under the con- 
flower has generally resulted from the requirement to trol of promoter regions (either native or heterologous), 
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int dicots and other plants in which the gene is endoge- particular, selecting plants with varying phenotypes, for 

n us. In particular, the invention comprises plants, such instance col r patterns and intensity, typically without 

as those f the genera Petunia and Chrysanthemum, harming ther desirable plant characteristics, can be 

wherein the plant is gr wn from a cell transformed with readily achieved in accordance with the present inven- 

• sequence which is transcribed int an RN A sequence 5 tion. 

substantially hbmolog us ( ther than anti-sense) t a Byway f example, and n t limitation, an exemplary 
desired gene. In a preferred embodiment the gene is a preferred embodiment of the present inventi n entails 
flavonoid biosynthetic pathway gene. DNA or RNA introducing a full-length chalcone synthase (CHS) cod- 
equiyalents are introduced into, plants in a way to pro- ing sequence in an orientation which would be operably 
duce more of the endogenous (already present) trim- 10 linked to a cauliflower mosaic virus promoter into Petu- 
script, but not to prpsducc' solely an anti-sense transcript. nia hybrida cells. These trahsgenotes are grown into 
This is preferably accomplished by using a DNA seg- plants and. variations in flower coloration are selected, 
ment (natural or constructed) in which the promoter is The modified flowers exhibit substantially all of the 
positioned in the normal. orientation at the 5' end of the characteristics of the native Petunia hybrida plants. In 
encoding region so that a "sense" transcript (rather than 15 another aspect of the present invention, those skilled in 
antisense transcript) will be produced. The plant cells the arjt Will readily appreciate that additional traits (Le., 
can be transformed with a variety of vectors, such as other than proteins in the flavonoid biosynthetic path- 
viral vectors, episomal vectors, shuttle vectors, Ti plas- way), additional plant nucleic acid sequences and the 
mid vectors and the like, all in accordance with well like may be readily substituted in accordance with the 
known procedures. 20 following guidelines. 

The invention also embraces methods for reducing t *t* 

expression of endogenous nucleic acid sequences cod- traits 

ing for proteins acting in various biosynthetic or other A variety of traits are selectable with appropriate 

enzyme pathways, such as the flavonoid biosynthetic procedures . and sufficient numbers of transgenotes. 
pathway of a plant, the'method comprising the step, of 25 Such traits include, but are not limited to, visible traits, 

introducing into a cell of the plant a DNA sequence environmental or stress related traits, disease related 

substantially 'homologous to the endogenous sequence traits, and ripening traits. The repressive effect is appli- 

and under the operational control of a promoter se- pable to a variety of genes expressed in plants mduding, 

quence, such as a cauliflower mosaic virus sequence; for example,' genes responsible for the synthesis or me- 

The DNA segment will be sufficient to introduce the 30 tabolism of peptides, proteins, fatty acids, lipids, waxes, 

repression effect into_ the plant and typically comprises oils, starches/ Sugars, carbohydrates, flavors, odors, 

at least, about 50 nucleotides but may be a full length fragrances, toxins, carotenoid pigments, hormones, cell 

gene. In addition, the invention comprises the methods wall polymers, gene regulatory molecules, flavonoids, 
of preparing and using the various DNA constructs of storage proteins, phenolic acids, coumarins, alkaloids, 

the present invention. 35 quinbnes, lignihs, gliicosinolates, tannins, aliphatic 

^^„^„ TTV ™^ T ^ m ^ w^,m^r* amines, celluloses, polysaccharides, glycoproteins and 

BRIEF DESCRIPTION OF THE FIGURES glycolipids. 

FIG. 1A shows the constructions of p5571. For instance, an alteration in the production of fatty 

FIG. IB shows the construction of p5972 and p7506. acids or lipids can be engineered (and fatty acid compo- 

FIG. 2. Flavonoid extracts of petunia corollas chro- 40 ' sition of, e.g., an oil-producing plant thus altered) by 

matographed on crystalline cellulose chromatography blocking synthesis of a specific chain elongation or 

places in Forestal solvent (acetic acid: cone. HCL: wa- . des^turation enzyme. Also, the synthesis of starch can 

ter, 30:3:10). Lanes: 1,2- 21838;. 3,4- 21841; 5,6- W80; be reduced and sugars accumulated (and sugar content 

7.8-V26; 9,10- W37; . 11,12- W85; 13,14- R77; 15,16-R27; of, *g., an edible plant thus altered) by blocking an 

17-caffeic acid; 18- cournaric acid. The plate was photo- 45 enzyme required for starch synthesis. Similarly, fra* 

graphed using UV light from below, and photographed grant molecules can be released from cells (thus altering 

with a red filter. Anthocyanins and cournaric acid can the scent characteristics of, e.g., ornamental flowers) by 

be detected readily this way, but caffeic acid and flavo- blocking the enzymes responsible for glycosylation of 

nols are not detected well. such molecules. 

FIG. 3 shows the construction of plasmids useful in 50 Among the easiest to select are the flavonoid genes, 
modifying chrysanthemum flower pigments. giving rise to visible traits. In particular, the traits of 
. „ TO W c/,«™ rt vi 00101 intensity, color hue and color pattern are subject 
DETAILED DESCRIPTION to the repression effect. 
The present invention provides novel, methods for In addition to variation for color amongst flowers, 
producing plants, and embraces the plants so produced, 55 there, is also variation amongst white colored flowers 
and methods of their use. The invention is based in part for the block in the flavonoid biosynthetic pathway, 
on the discovery that a reduction in expression (i.e., For example, in petunia there are mutations which 
repression) of a cellular gene product may be attained block the pathway at the dihydroflavonol synthase step, 
' upon introduction into the cell of a nucleic acid frag- . so that dihydroflavonols and flavonols accumulate in 
ment, eJg., a flavonoid biosynthetic pathway gene se- 60 the flowers (Beld et al., 1989, Plant Mo. Biol., 13, 
quence; that is ultimately transcribed to yield a mRNA 491-502, which is incorporated herein by reference). In 
transcript substantially homologous to a portion of the snapdragon, there are mutations which block the path- 
gene's transcript. The introduced transcript is prefera- way at the chalcone synthase step, so that precursors to 
bly produced prior to native transcript (if any), but may these reaction accumulate (for example, caffeic or cou- 
be. produced simultaneously with native transcript pro- 65 marie acids). In both snapdragon and petunia, mutations 
duction. Depending on the time and amount of tran- at the flavahone-3-hydroxylase step lead to the accumu- 
script produced in a transgenote, a plant grown from it lation of naringenin, resulting in white fl wers (e.g., 
will exhibit a variety of different phenotypic traits. In Froemel et al., 1985, Theor. Appl. Gent., 70, 561). By 
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such analysis f the accumulated intermediates in white which typically are liquid at room temperatures and 
fl wersi it is possible to assess the point at which flavo- typically will have various unsaturations in the fatty 
noid biosynthesis has been blocked. acid components and shorter lipid chains than the fats. 

The class of genes within the flavon id biosyntbetic See generally, Lehninger (1978) Biochemistry (2d Ed), 
pathway includes, those nucleic acid sequences directly. 5 W rth Publishers, New York; and Bonner and Varner 
involved in reactions or control of reactions which (1976) Plant Biochemistry (3d Ed), Academic Press; 
synthesize or modify a flavonoid compound. Flayo- New York.' Much is also known about the applicable 
noids are a class of compounds, numbering about 3000 biosynthetic pathways at the genetic level. See, e.g., the 
whose functions in plants include coloration in flowers, following, and references cited therein: Shure et al. 
fruits, leaves, and other organs. Examples of flavonoid 10 (198), Cell 35:225-233; Preiss et al., Tailoring Genes for 
biosynthetic genes include those for chalcone synthases, Crop Improvement (Bruening et al., eds.), Plenum Press 
ihakone isomerases (CHI), flavanone 3-hydroxylaies, (1987), 133-152; GupU et al. (1988), Plant Mol Biol 
dihydrofUvonol reductases, flavanone 2-hydroxylases, 10-^15-224; Olive et al (1989), Plant Mol Biol 
dihydroflavtnol 2-hydroxylases, flavonoid 3'-hydroxy- 12:525-538; and Bhattacharyya et al. (1990), Cell 
Uses, flavonoid S'-hydroxylases, flavonoid glycdsyl- 15 60:135-122, all of which are incorporated herein by 
transferases (including glucosyl transferases such as reference. 

IJDPG: flavonoid 3-O-glucosyl transferase and UDPG: Genes encoding various enzymes found in the path- 
flavonol 7-O-glucosyl transferase, and rhamnosyl trans- ways for production of oils are introduced into a target 
ferases), flavonoid ^ methyitrsmsferissea (such as SAM:an- plant to alter the expression of important endogenous 
thocyanidin 3Kp^umaroyl>nitinoside-5-glucoside 20 genes. The relative proportions or absolute content of 
3\5M>taethylti*nsferase) and flavonoid acyltransfe- various different types of oils may be thereby altered, 
rases. See,HaWbrock.(1981) ^/^em^/yo//»to«iX Vol. and using mformation known in the art about sugar- 
7, Conn (Ed.); Weiring and de VUming (1984) "Petu- starch biosynthetic pathways at the genetic level (see, 
nia", K. C Sink (Ed.), Springer-Verlag,. New York. By tig., citations op same above). Various enzymes of par- 
way of example of the components of these pathways, 25 ticular interest would include, among others, stearyl 
phenylalanine is converted to cinnamic acid; cinnamic desaturase, acetyl transacylase, malonyl transacylase, 
acid is converted to caitdc add (m a side branch) and to /3-ketoacyl ACP-synthetase, 0-keto ACP-reductase, 
coumaryl<oenzyme A^cOtmiarylHCoenzyme A is con- . enoyl ACP-hydrase, acyl-ACP thioesterases and enoyl 
verted with chalcone synthase to a tetrahydroxy chal- ACP-reductase. 

cone; the tetrahydroxy cialcpne is converted with chal- 30 The present invention is also applicable to the alter- 
cbne isomerase to naringenin; and naringenin is con-. ation of sugar metabolism or carbohydrate metabolism 
verted in a subsequent series of steps to anthocyanins. in plants. For example, genes encoding enzymes used in 
Blockage or inactivation at a given stage leads to buildV carbohydrate metabolism, e.g, in the metabolism of 
iip of precursors and side chain products of precursors. amyldse, pectins, cellulose and cell walls, are used to 
For instance, blockade at the chalcone synthase stage 35 regulate enzymatic expression and activity to modify 
leads to build-up of cbumaric acid and cafTeic acid* sizes of pools of metabolic intermediates or kinetics of 

Ahthocyanin pigmented flowers have colors conversion, thereby changing the starch or sugar con- 
throughout the range orange to red to purple to blue. tents of various plants. 

Chalcones and aurones are yellow or orange. Flavones Genes encoding various enzymes in carbohydrate 
and flavbnols are very light yellow, or "cream" col- 40 metabolism may be introduced into a target plant to 
ored. Flavanones are colorless. Elimination of anthocy- 'alter the expression of various enzymes in the pathways, 
anihs and diversion of the- pathway to flavone or flavo- Various enzymes of particular interest in carbohydrate 
nol production would create cream colored flowers. metabolism include phosphorylase, starch synthetase. 
Shifts from blue to purple or purple to red or red to. Q-etxyinc, sucrose-6-phosphate synthetase, sucrose-6- 
orange can be engineered by interfering with 3' or 5' 45 phosphate phosphatase, ADP-glucose pyrophosphory- 
hydrOxylases of 2-hydroxylases. Interference with 2- lase and various amylases. See generally, Bonner and 
hydroxylases can also reduce color intensity of antho- Varner (Eds) (1976) Plant Biochemistry (3d ed), Aca- 
cyanin pigmented plants. Interference with CHS would demic Press, New York. Much is also known about the 
create white flowers and with chalcone isomerase applicable biosynthetic pathways at the genetic level, 
would create yellow flowers. A wide variety of bi-color 50 See, e.g., the following, and references cited therein: 
patterns can be created, the two colors being the color Stefansson et al. (.1961), Can. J. Plant ScL 41:218-219; 
of the target plant before engineering and the color Knowles et al. (1972), Oil Crops of the World (Robbelen 
resulting from the expression of the introduced flavo- et al., eds.), McGraw-Hill, 260-282; Hammond et al. 
noid gene. Types of patterns include: radial star-like . (1983), Crop ScL 23:192-197; Widstrom et al. (1984), 
patterns; picotee (white outer edge); whta annular cen- 55 Crop ScL 24:1113-1115; Green et aL (1984), Euphytica 
ter; concentric colored rings; erratic, irregular patterns, . 33:321-328; Graef et al. (1985), Crop ScL 25:1076-1079; 
e.g., variegated or blotchy. There are many variations Somerville et al., Recent Advances in Phytochemistry 
on these patterns, some more attractive than others, (Conn, ed.), Plenum Press (1988), 19-44; Kunst et al. 
some with sharp boundaries between colors, some with (1988), PNAS U.S.A. 85:4143-4147; and, Browse et al., 
diffuse boundaries, some with linear boundaries, some 60 "Strategies for Modifying Plant Lipid Composition" 
with wavy, curved boundaries. Also lighter, solid col- (1989), Plant Gene Transfer (Lamb, C. et al., eds.), Alan 
ors are observed. R. Liss, all of which are incorporated herein by refer- 

The present invention is also applicable to generate ence. 
plants exhibiting modified absolute levels or relative Suitable sources for gene sequences usable in accor- 
proportions of van us oil products. In particular, genes 65 dance with the present invention are plants, in particu- 
encoding enzymes involved in lipid metabolism may be lar higher plants. For example, virtually all f higher 
used, in the methods described, to modify metabolism of plants normally possess a flavonoid biosynthetic path- 
ils and other lipids, such as fats. The ils are lipids way f some type. In particular, any flavonoid pathway 
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which generates , naringenin chalcone or compounds dogenous transcription levels dropped about 50-f Id in 
. generated from naringenin chalcone which itself is gen* comparison to native conditions; The introduced genes' 
erated fr m couinar yl-Coenzyme A and maldnyl? transcript levels were also 1 w with respect to the en- 
Coenzyme A by chalcone synthase will be appropriate. dogenous genes* levels, but the total was also lower, 
t * j j *t i • a o 5 While the introduced sequence need not necessarily 

Introduced Nucleic Acid Sequences correspond t the finalTranslated message or a part 

The properties of the nucleic acid sequences are var- thereof, there are likely corresponding f rms of the 
ied, and the preferred embodiments will describe a num- mRNA which are functional in repression, but still 
ber of features which the person of skill in the art may. . contain parts of introns or only non-translated segments 
recognize as not being absolutely essential, but clearly 10 of the primary transcript of the normal endogenous 
advantageous, these include isolation methods of the sequence. Thus, the effect may occur where the intro- 
particular sequence to be introduced, certain features of . duced sequence contains no coding sequence per se, but 
the sequence and certain features of the associated vec- only .intron or untranslated sequences substantially fac- 
tor, if any. Transcriptional expression of the introduced mologous to sequences present in the primary transcript 
gene is generally important, and^withontintentogto JS. of the endogenous sequenced Also, while the present 
be limited to a particular mechanism— additional pro- invention is not necessarily tied to any specific media- 
duction of a transcript relative to the normal expression nism, the mechanism may involve methylation of both 
of the endogenous form of the^sequencc is likdy jwutof - the introduced and the endogenous homologous se- 
the- underlying mechanism, especially prior to attain- quences (methylation is known to be able to spread 
xnent of peak levels of endogenous gene expression. - 20 from a sequence to adjacent sequences). 
However, other mechanisms may be involved, for in- The introduced sequence generally will be substan- 
stan.ee/ mere physical presence of exogenous copies of . tially homologous to die endogenous sequence intended 
these genes, e.g., in higher copy numbers or integrated to be repressed, such that the controlling elements rec- 
into particular genetic locations, may contribute, to the ognize that the introduced sequence is present, the in- 
repressive effect. 23 teraction results in the repressive effect This mmimal 

RNA resulting from transcription shall.be referred to homology will typically be greater than about 65%, but 
herein on occasion as ''transcript" pr in some instances a higher homology might exert a more effective repres* 
"mRNA". Typically, transcript which is processed sign of expression of the endogenous sequences. Sub* 
(e.g., introns removed and 3' end polyadenylated) is stantially greater homology, or more than about 80% is 
referred to as mRNA ("messenger"). As used herein io preferred, though about 95% to absolute identity would 
"homologous", means corresponding to (the same as). be most preferred. Consequently, the effect should 
For exaniple, RNA which is homologous to a gene, is apply to any other proteins within a similar family of 
RNA which corresponds to the coding strand sequence genes exhibiting homology or substantial homology, 
(with the normal exception of uracil for RNA in. place For example, the chalcone synthase protein may be 
of thymidine for DNA). Thus, cellularly produced "ho- 35 encoded by one or more homologous genes which com- 
mologous mRNA", as used, herein, is complementary to prise the chalcone synthase gene family, and repression 
the template DNA strand of the gene. of one member of the family will typically serve to 

mRNA may contain "coding regions" of codon trip- impose the same repressive effect on others of the fam- 
lets i which. encode i for translation mto ammo acids mak- . ily. Similarly, for example, chalcone synthase genes 
ing up the polypeptide; A primary transcript may con- 40 from other plant species may be utilized, 
tain both exons (typically containing the coding re- The introduced sequence, needing less than absolute 
gions) and introns, the latter of which are often excised homology, also need not be full length, relative to other 
prior to translation. the primary transcription product or fully processed 

Expression of an endogenous gene, e.g., a gene in the mRNA. In this regard and in accordance with the pres- 
flayonoid pathway, vields' varying levels of transcript 45 ent invention, transformation of partial or truncated 
depending On the type of cell and its developmental genes also inhibits' expression. Specifically, transfor- 
stage. During flower development, certain cells, eg., mants of a tobacco plant with an 860 base pair fragment 
cells that give rise to petal epidermal tissue, produce or cohtidninfe approximately the first two-thirds of a wild- 
begin to produce a transcript at a level which rises at or type nopaline synthase gene under control of the CaMV 
subsequent to flower meristem initiation. The transcript 50 35S promoter showed suppression of the wild-type nos 
level reaches a peak later in. flower development and gene previously transformed into the tobacco Caltivar 
eventually decreases; This rise and fall of transcript (sec, Goring et al., Proa Nad Acad ScL U.S.A, 
level may occur over a series of days, e.g„ 7-14 days, 88:1770-1774, at 1771 (1991), which is incorporated 
The rise may also occur rapidly, e.g., over a period of herein by reference). Similarly, tomato plants trans- 
hours, especially in the event of induction such as by 55 formed with a 730 bp fragment (about 678 bp of coding 
UV or visible light (see, Mol et al., (1983) Mol Gen. sequence, representing about 51% of the total length; 
Genet 192:424-429, which is incorporated herein by i.e., 1382 bp coding sequence plus 52 bp at 5' end) from 
reference), particularly under natural summer light a polygalacturonase (PG) cDNA (Grierson, et al., A^ucI 
conditions (or the artificial equivalent thereof). For Acids. Res. 14:8595-8603 (1986)) under the control of 
example, the transcript level is usually decreasing at the 60 the CaMV 35S promoter showed inhibition of the en- 
mature flower stage (flower maturation). ' dofcenous PG gene during ripening (see, Smith, et al., 

One proposed mechanism of repression would re- Mpi Gen. Genet, 224(3):477-481, at 478 (1990), which is 
quire, that some transcription of the introduced se- incorporated herein by reference), 
quence be produced, e.g., transcription of introduced A higher homology in a shorter than full length se- 
DNA homologous to transcribed endogenous DNA 65 quence compensates for a longer less h mol g us se- 
(altbough transcription of introduced DNA homolo- quence. Furthermore, the introduced sequence need not 
gous to un transcribed endogenous DNA may also be have the same intron r exon pattern, and h mology of . 
involved). Specifically, however, bserved genes' en- non-coding segments will be equally- effective. Nor- 
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mally, a sequence of greater than 30-100 nucleotides If the introduced gene is an intact gene from the 
should be used, th ugh a sequence f greater than about target plant r other plant species (meaning a complete 
200-300 nucleotides w uld be preferred, and a sequence gene containing coding sequences, intron, promoter, 
f greater than 500-1000 nucleotides w uld be espe- enhancers and other cis-acting regulat ry elements ei- 
cially preferred depending on the size of the endoge- 5 ther upstream (50 or downstream (3*) of the coding 
nous gene. „ sequences), a fraction of independent transgenotes, de- 
It should be noted that, since a full length coding pending on the gene, may carry the introduced gene in 
sequence is unnecessary, it is possible to produce the locations that result in abnormal expression, Lc., expres- 
. same effect on multiple proteins using a single transfer- sion at abnormal times in development If the tntro* 
mation. by fusing multiple sequences together to coordi- 10 duced gene is a chimeric gene (meaning that one or 
nately repress various different genes. Assuming t sufTi- more elements, such as a promoter, from another gene 
dent number of introductions are made, the introduced has been substituted for a component of the intact gene 
sequence need not be linked to an operative promoter. or added to. the intact gene, including coding sequences 
sequence; However, a prompter sequence would be fused to upstream and downstream sequences necessary 
preferred, particularly a partially or fully constitutive 15 or beneficial for expression) and is driven by a constitu- 
prompter. "Operably linked" refers to functional link- tive (fully or partially) promoter, then abnormal levels 
Age between the affecting sequence (such as a promoter and times of expression will be achieved in a large frac- 
or 3' segments) and the controlled nucleic acid ae- . .tionoftransgenotes.Ifthemt^ 
quence. The same effect would be produced by the gene and is driven by a developmentally regulated pro- 
introduction of a promoter operably linked to the cod- 20 moter, depending on the promoter, some fraction of 
ing strand of an endogenous sequence. This can be ef- .' transgenotes will show abnormal levels and times of 
fected by either the introduction of a promoter alone to expression of the introduced gene. The strength of the 
a site operably linked to the target sequence, or by the promoter or other cis element can be the same, lower, 
reihtroductiOn of a sequence of endogenous origin or higher than the coding sequence's usual promoter, 
recombinant^ attached to an operably linked prompter 25 The timing in development can be earlier or the same, 
(resulting in a chimeric gene). While many of these improvements suggested are not 
A heterologous sequence is one that originates from a ~ essential, the efficiency of production of useful trans- 
foreign species, or, if from the same species, is substan- genotes may be significantly affected. Some of the 
tially modified from its original form. transgenotes may be identical to the parental plants, 
In considering the expected temporal stage of expres- 30 others may have reduced amounts of colored or color- 
sion of the introduced gene, relevant factors include the less flavonpids throughout the petals or other organs of 
type of promoter, the temporal pattern of the promoter, interest. Others may have reduced amounts of flavo- 
and the operation of the promoter in view of its position noids in certain cells or patches of cells or segments of 
within the genome. A promoter which is expressed petals or other organs resulting in regular or irregular 
concurrently with or prior to the normal activation of 35 patterns. Flowers on the same plant may even have 
the homologous endogenous sequence is preferred. A different patterns. The likelihood of obtaining a desir- 
constitutive promoter is most preferred, such as the able transgenote will depend upon the number of trans- 
cauliflower mosaic virus promoter. This promoter is genotes screened and the efficiency of actual transfor- 
constitutive because its operation is relatively indepen- . mation and expression of the foreign nucleic acid se- 
dent of the developmental stage of the cell in which it is 40 quence. Typically, at least about 25 to 50 transgenotes 
contained, A regulated promoter, such as ones asspci- will be screened, but 100 to 500 or more may need to be 
. ated with the.ribulose-ti5-bisphoSphate carboxylase, the screened before the described effect is seen. 
chlorophyU binding proteins or the glycine-rich root The choice of nucleic acid to exert the described 
protein genes are also suitable. This control may be repressive effect is broad. Assuming appropriate selec- 
either temporal with respect to the developmental stage 45 tion procedures and sufficient numbers of transgenotes, 
of the cell, or based upon differential expression by a wide variety of plant 'genes could display this effect, 
different parts or organs of the plant. For example, genes responsible for the synthesis or 
As referred to above, the operation of a prompter metabolism of peptides, proteins, fatty acids, lipids, 
may vary depending on its location in the genome. waxes, oils, starches, sugars, carbohydrates, flavors, 
Thus, a regulated promoter may operate differently 50' odors, fragrances, toxins, carotenoid pigments, hor- 
from how it does in its normal location, eg., it may mones, cell wall. polymers, gene regulatory molecules, 
become fully or partially constitutive. tiavonoids, seed storage proteins, phenolic acids, cou- 
It is preferred to have the DNA sequence linked, to marins, alkaloids, quinones, lignins, glucosinolates, tan- 
and situated at a distance from the promoter corre- nins, aliphatic amines, celluloses, polysaccharides, gly- 
sppnding to the distance at which the promoter is nor- 55 coproteins and glycolipids and particularly genes asso- 
mally most effective so as to ensure sufficient transcrip- . elated with plant pigmentation. Among the plant pig- 
tipnal activity. This distance should be within about mentation genes are the flavonoid genes, and most par- 
1000 nucleotides, preferably within about 500 nucleo- ticularly the chalcone synthase gene sequence, 
tides and more preferably within about 300 nucleotides These gene sequences may be isolated by standard 
of the translation initiation codon. ; 60 procedures of hybridization of genomic or cDNA li- 
At the 3' end of the coding sequence, operably linked braries by, the methods described in Maniatis et al. (see 
segments may also be included. Thus, it would be opti- below). Screening may be by (1) nucleic acid hybridiza- 
mum to have a 3' untranslated region containing the tion using homologous genes from ther rganisms, (2) 
polyadehylation site and any relevant transcription ter- probes synthetically produced to hybridize to particular 
mination sites. A 3' sequence of less than about 1000 65 sequences coding for known protein sequences, or (3) 
nucleotides is sufficient, about 500 preferred and about DNA sequencing and comparison to known sequences. 
300, or the length f the 3' untranslated tail of the en- Sequences for specific genes may be found, e.g., in 
dogenous sequence is more preferred. GenBank, National Institutes of Health computer data- 
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base), or may be determined after isolation, typically Flower colors, of course, are coxnm nly very depen- 
ding techniques as described. dent on the activity f the flavonoid pathway genes, and 
. Flavonoid genes, f r example, may be enriched in thus are especially sensitive to the absolute and relative 
. libraries by differential hybridization . which . requires revels f expression of the flavonoid biosynthetic path- 
that the mRNA of the target genes be expressed m re 5 way genes. Ornamental plants and flowers are valuable 
abundantly in one tissue than in another. Labelled. RNA . commercially, and thus are typical targets of th meth- 
or cDNA from each tissue is hybridized to replicas of ods herein described. Creation and selection of new . 
the library and tissue specific clones are identified and coloration schemes are particularly valuable in the or- 
isoUted. Screening can then be used to identify the . namental flower bearing plants such as chrysanthe- 
target gene among the set of tissue specific genes (Kreu- 10 mums, carnations, roses, gerberas, lilies, geraniums, 
zaler et al., (1983) Proc NatL Acad ScL U.S.A. poinsettias and petunias. 
80O591-2593). f 

Antibody screening of expression libraries with anti- Transformation 
bodies made against homologous proteins can select The transformation of plants in accordance with the 
nucleic, acid sequences which would code for homolo- 15 invention may be carried out in essentially any of the 
gpus functions. Selection of sequences homologous to a Various ways known to those skilled in the art of plant 
known flavonoid biosynthetic pathway protein will molecular biology. See, in general, Methods in EnzymoU 
enable isolation of other forms or equivalent forms from : \ cjgy Vol. 153 ("Recombinant DNA Part D") 1987, Wu 
different sources. . and Grossman Eds., Academic Press, incorporated 

Transposon tagging can assist in the isolation of the 20 herein by reference. As used herein, the term transfor- 
relevant gene. Transpo nation means alteration of the genotype of a host plant 

mutation of the target gene. A mutation is isolated in by the introduction of a nucleic acid sequence. The 
. which a ^ transposon has inserted into the target gene and nucleic acid sequence need not necessarily originate 
altered the resulting phenbtype. Using a probe for the from a different source, but it will, at some point, have 
transposon, the mutant gene can be isolated. Then, 25 been external to the cell into which it is to be intro- 
using the DNA adjacent to the transposon in the iso- duced. 

lated mutant gene as a probe, the normal wild type In one embodiment, the foreign nucleic acid is me- 
allele of the target gene can be isolated (McLaughlin chanically transferred by microinjection directly into 
and Walbot (1987) Genetics 117:771-776; Dooner et al., plant cells by use of micropipettes. Alternatively, the 
(1985) MoL Geru Genetics 200:240-246; and Federoff et 30 foreign nucleic acid may be transferred into the plant 
al., (1984) Proc NatL Acad ScL U.S.A. 81:3825-3829). cell by using polyethylene glycol. This forms a precipi- 
t Howeyer; as indicated above, the homology between tation complex with the genetic material that is taken up 
the inserted gene and the endogenous gene need not be by the cell (Paszkowski et al., (1984) EMBO J. 
absolutely identical. Foreign homologous genes would 3:2717-22). 

also be subject to this same repression phenomenon. As 35 In another, embodiment of this invention, the intro- 
stated, the repressive effect can occur with many differ* duced gene may be introduced into the plant cells by 
ent genes. It is exemplified herein, inter alia, with, re- . electropbratidn (Fromm et al., (1985) "Expression of 
spect to flavonoid pathway genes. Genes Transferred into Monocot and Dicot Plant Cells 

by Electroppration" Proc Natl Acad ScL U.S.A. 
Target Plants ^ 82:5824, which is incorporated herein by reference). In 

As used herein, "plant" refers to either a whole plant, this technique, plant protoplasts are electroporated in 
a plant part, a plant cell, or a group of plant cells. The . the presence of plasmids or nucleic acids containing the 
class of plants which can be used in the method of the . relevant genetic construct. Electrical impulses of high 

'invention is generally as broad as the class of higher field strength reversibly permeabilize biomembranes 
plants amenable to transformation techniques, including 45 allowing the introduction of the plasmids. Elec- 
both monocotyledonous and dicotyledonous plants. It troporated plant protoplasts reform the cell wall, di- 
includes plants of a variety of ploidy levels, including vide, and form a plant callus. Selection of the trans* 
polyploid, diploid and haploid. formed plant cells with the transformed gene can be 

Although useful in regulating expression of many accomplished using phenotypic markers, 
plant genes, the invention is easily characterized with 50 . Cauliflower mosaic virus (CaMV) may also be used 
particular application to plants which express the flayo- as a vector for introducing the foreign nucleic acid into 
noid pathway genes. At least some of the flavonoid plant cells (Hohn et al., (1982) "Molecular Biology of 
pathway genes are' essentially ubiquitous in higher Plant Tumors," Academic Press, New York, 
plants; their products are found in flowers or other ptent pp.549-560; Howell, U.S. Pat. No. 4,407,956). CaMV 
organs (such as leaves, stems, roots, tubers, bracts, se- 55 viral DNA genome is inserted into a parent bacterial 
pals, fruits, vegetables) which are colored. These colors * plasmid creating a recombinant DNA molecule which 
are provided largely by anthocyanin pigments, other can be propagated in bacteria. After cloning, the recom- - 

' flavonoid pigments, copigmerits, or colorless, flavonoids bin'ant plasmid again may be cloned and further modi- 
synthesized from chalcone by the plant See Hahlbrock, fled by introduction of the desired DNA sequence into 
supra; Harborne, (1986) Plant Flavenoids in Biology and 60 the unique restriction site of the linker. The modified 
Medicine: Biochemical Pharmacological and Structure viral portion of the, recombinant plasmid is then excised 
Activity Relationships; Harborne, (1976) Chemistry and from the parent bacterial plasmid, and used to inoculate 
Biochemistry of Plant Pigments, (2d ed.) Vol. 1, Good* • the plant cells or plants. 

win (Ed.) Acad. Press. Another method of introduction of nucleic acid seg- 

Fruit (e.g., apples, cherries r plums, grapes), vegetable 65 ments is high velocity ballistic penetration by small 
(e.g., eggplant, peppers, kale, lettuce, radishes, cauli- particles with the nucleic acid either within the matrix 
flower) or ther edible plant part (e.g., potato) colors of small beads r particles, or on the surface (Klein et 
are also subject to manipulation using these techniques. al., (1987) Nature 327:70-73). Although typically nly a 
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tingle introduction of a new. nucleic acid segment is All plants from which protoplasts can be isolated and 
required, this method particularly provides f r multiple cultured to give wh le regenerated plants can be trans- 
introductions, formed by the present invention so that whole plants are 
A preferred method f introducing the nucleic acid recovered, which contain the transferred foreign gene, 
segments into plant cells is to infect a plant cell,, an 5 Some suitable plants include, for example, species from 
explant, a meristem or a seed with Agrobacterium fume- the genera Fragaria, Lotus, Medicago, Onobrychis, 
jaciehs transformed with the segment Under appropri- .Trifolium, Trigonella, Vigna, Citrus, Linum, Geranium, 
ate conditions known in the art, the transformed plant Manihot, Daucus,. Arabidopsis, Brassica, Rapbanus, 
cells are grown to fom ih<)ots, re»ts, a^ devdop tur- Sinapis, Atrbpa, Capsicum, Hycacyamua, Lycopersi- 
ther into plants. The nucloc acid segments can'be intra- 10 con, Nicotians, Solanum, Petunia, Digitalis, Majoraaa, 
duced into appropriate plant cells, for example, by CSohprium, Helianthus, Lactuca, Bromus, Asparagus, 
mean* of the Ti plasmid of Agrobacterium tumefaciens. Antirrhinum, Hererocallis, Nemesk. Pelargonium^ Pan- 
The Ti plasmid is transmitted to plant cells upon infec- W Penniserum, I^uncului. Senecio, Salpigtotsis, 
bon by Agrobacterium tun^aeiin^ud is stably irite- Ctjcuma. Browaaha, Glycine, Lohum, Zea. Trmcum, 
grated into the' plant genome (Horsed et al.. (1984) 15 ™^ tnr V . „ „ , _ . 
^Inheritance of Funtftiond Forrign Genes in Plants." It u known that poetically all plants can be regener- 
ate 233:49<W98 : Fraley et at (1983) Proc Natl cfuxti ™, ^ * 
Ar*A \i us. A 80-4803^ limited to all major cereal crop species, sugarcane, 

^ptaun^c^tatatworegion, essential for the pro- other Uccl '. 1 ,e « Um " mi 

iipiuuuus wu^mvi^uiu^M^^ »«v K ^ vegetables, t *m'it*A knowledge presently exists on 

fer DNA <J DNA), induces tumor formatoon. The btcterium Species which ire a natural plant host for 
oAe^med^^^ AgrobacteriunT inay be transformable in vitro. Al- 

duct^ of the T PNA into plants. The transfer DNA ^ ^^1^^ pUntS} in particular, 
region, which transfers to tjie P^rgenome, can be 2J gns ^ &f m not fc^ to Agrofcacte- 

mcreased in size by the insertion of .the foreignnuclw ^ WQfk g ^ ^ A gr6bacterium has 

acid sequence without;* tran^^ ^ ^ out (Hooykas-Van Slogteren et al. f 

fected. By removing the tumor^using^genes so that (19g4) 3n.753.764). Additional plant genera 

they no longer interfere, the modified Ti plasmid can ^ may be transformed by Agrobacterium include 
then be used as a vector for the transfer qf the gene ^ Cm^themttm, Dianthus, Gerbera, Euphorbia, 
constructs of the invention into an appropriate plant Pciaronium, Ipomoea, Passifiora, Cyclamen, Malus, 
cell-such being a "disabled Ti vector". Prunus, Rosa, Rubus, Populus, Santalum, Allium, 

All plant cells which can be transformed by Agrobac- Lilium^ Narcissus, Ananas, Arachis, Phaseolus and 
terium and whole plants regenerated from the trans- pisuni. 
formed cells can also be transformed according to the 35 

invention so as to produce transformed whole plants Regeneration 
which contain the transferred foreign nucleic acid se- Normally, regeneration will be involved in obtaining 
quence. a whole plant from the transformation process. The 

There are presently at least three different ways to term "transgenote" refers to the immediate product of 
transform plant cells with Agrobacterium: 40 the transformation process and to resultant whole trans- 

(1) co-cultivation of Agrobacterium with cultured genie plants. 

isolated protoplasts, The term "regeneration" as used herein, means grow- 

(2) transformation of cells or tissues with Agrobacte- fog a . whole plant from a plant cell, a group of plant 
rium, or cells, a plant part or a plant piece (e.g. from a protoplast, 

(3) transformation of seeds, apices or meristems with 45 callus, or tissue part). 

Agrobacterium. Plant regeneration from cultural protoplasts is de- 

Method (1) requires an established culture system scribed in Evans et al., "Protoplasts Isolation and Cul- 
that allows culturing protoplasts and plant regeneration ture," Handbook of Plant Cell Cultures 1:124-176 (Mac- 
from cultured protoplasts. WLillan Publishing Co. New York 1983); M. R. Davey, 

Method (2) requires (a) that the plant cells or tissues 50 4< Recent ^developments in the Culture and Regenera- 
can be transformed by Agrobacterium and (b) that the tiou of Plait Protoplasts," Protoplasts, (1983)— Lecture 
transformed cells or tissues can be induced to regener- Proceedings, pp. 12-29, (Birkhauser, Basal 1983); P. J. 
ate into whole plants. Dale, "Protoplast Culture and Plant Regeneration of 

Method (3) requires micropropagation. Cereals and Other Recalcitrant Crops," Protoplasts 

In the binary system, to have infection, two plasmids 55 (1983)— Lecture Proceedings, pp. 31-41, (Birkhauser, 
are needed; a T-DNA containing plasmid and a yir Basel 1983); and H. Binding, "Regeneration of Plants," 
plasmid. Any one of a number of T-DNA containing Plant Protoplasts, pp.2 1-73, (CRC Press, Boca Raton 
plasmids can be used, the only requirement is that one 1985). 

be able to select independently for each of the two Regeneration from protoplasts varies from species to 
plasmids. , 60 species of plants, but generally a suspension of trans- 

After transformation of the plant cell or plant, those formed protoplasts containing copies of the exogenous 
plant cells or plants transformed by the Ti plasmid so sequence is first made. In certain species embryo forma- 
that the desired DNA segment is integrated can be - tion can then be induced from the protoplast auspen- 
selected by an appropriate phenotypic marker. These sion, to the stage of ripening and germination as natural 
phen typic markers include, but are not limited to, 65 embryos. The culture media will generally contain vari- 
antibiotic resistance, herbicide resistance r visual ob- ous amino, acids and h rmones, such as auxin and cyto- 
servation. Other phenotypic markers are known in the kinins. It is sometimes advantageous to add glutamic 
art and may be used in this invention. acid and proline to the medium, especially for such 
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species as corn and alfalfa Shoots and roots n rmally . commonly known t persons f ordinary skill in the art 

develop simultaneously. Efficient regeneration will and are described in general technical references (Meth- 

depend on the medium, on the genotype, and n the ods in Enzymol gy, supra). 

history f the culture. If tnese three variables are. con- However, any additi nal attached vector sequences 

trolled, then regeneration is fully reproducible and re* 5 which will confer resistance to degradation of the nu- 

peatable. oleic acid fragment to be introduced, which assists in 

Regeneration also occurs from plant callus, explants, the process of genomic integration or provides a means 
organs or parts. Transformation can be performed in the to easily select for those cells or plants which are actu- 
cpntext of organ or plant part regeneration. Methods in ally, in fact, transformed are advantageous and greatly 
Enzymology, supra: also Methods in Enzymology, Vol 10 decrease the difficulty of selecting useable transgenotes. 
1 IB; and Klee et aL, (1987) Annual Review of Plant Physi- 
ology, 38:467-486. Selection 

In vegetatively propagated crops, the mature trans- Selection of transgenotes for further study will typi- 

genic plants are propagated by the taking of cuttings or cally be based upon a visual assay, such as observing 

by tissue culture techniques to produce multiple identi- 15 color changes, (e.g., a white flower, variable pigment 

cal plants, for trailing, such as testing for production production, and uniform color pattern on flowers or 

characteristics. .Selection of desirable transgenotes is irregular patterns), but may involve biochemical assays 

made and new varieties are obtained thereby, and prop- 0 f either enzyme activity or product quantitation, 

agated vegetatively for commercial sale. Transgenotes will be grown into plants bearing the 

In seed propagated crops, the mature transgenic 20 plant part of interest and the gene activities will be 

plants are self crossed to produce a homozygous inbred monitored, such; as by visual appearance (for flavonoid 

plant. The. inbred plant produces seed containing the genes) or biochemical assays (Northern blots, tec, 

gene for the newly introduced foreign gene activity Maniatis (below); Western blots, see, Ausubel (below); 
level. These seeds can be grown to produce plants that enzyme assays and flavonoid compound assays, includ- 

would produce the selected phenotype. 25- ^ spectroscopy, see, Harborne et aL, (Eds.), (1975) 

The inbreds according to this invention can be used The Flawnbids, Vols. 1 and 2, [Acad. Press]). Appropri- 

to deyelop new hybrids. In this method a selected in- atc ^fli be selected and further evaluated, 

bred line is crossed" with another inbred line to produce jhe following experimental section is offered by way 

the hybrid. 0 f example and not by limitation. 

Parts obtained from the regenerated plant, such as 30 

flowers, seeds, leaves, branches, fruit, and the like are EXPERIMENTAL 

covered by the invention, provided that these parts In gencralf preparation of plasmid DNA, restriction 

comprise cells which have been so transformed. Prog- enzyme digestion, agarose gel electrophoresis of DNA, 

eny and variants, and mutants of the regenerated plants Southern blots, DNA ligation and bacterial transforma- 

are.also included within the scope of this invention, 35 ^ on wc ^ out ^ g standard methods. (Maniatis 
provided that tfcese parts comprise the introduce^ c t at, Molecular Cloning, A Laboratory Manual Cold 
DNA sequences, Progeny and variants, and mutants of Spring Harbor Laboratory (1982), referred to herein as 

the regenerated plants are also included within the "Maniatis" and hereby incorporated by reference.) 

scope of this invention. ^esteni blots, and other standard molecular biology 

Vectors 40 techniques are also described in Ausubel et al., (1987) 

- ( ^ Current Protocols in Molecular Biology, Vote. 1 and 2, 

Selection of an appropriate vector, is relatively sim- md hcrcb mcorporatcd by reference, 
pie, as the constraints are minimal. The apparent mini- 
mal traits of the vector are that the desired nucleic acid EXAMPLE 1 

sequeh<*.bem^ 45 Plant Transformation Procedures 
any vector which will produce a plant carrying the 

introduced DNA sequence should be sufficient Also, In Examples 1-4, reagent materials are commercially 
any vector which will introduce a substantially intact available, unless otherwise specified. Enzymes used in 
RNA which can ultimately be converted into a stably the cloning procedures are available from commercial 
maintained DNA sequence should be acceptable. ■ • 50 sources. All restriction endonuclease reactions are car- 
Even a naked piece of DNA would be expected to be ried out accorcUng to manufacturer instructions. Unless 
able to confer the properties of this invention, though at otherwise specified, the reaction conditions for other 
low .efficiency. The decision as to whether to use a reactions are standard conditions used in the art, as 
vector, or which vector to use, will be guided by the . described, for example, in Maniatis. Luria (L) agar and 
method of transformation selected. 55 Minimal A (MinA) agar and broth are described in J. H. 

If naked nucleic acid introduction methods are Miller, Experiments in Molecular Genetics, Cold Spring 
chosen, then the vector need be no more than the mini- Harbor Laboratory, New York (1972) (referred to 
mal nucleic acid sequences necessary to confer the.de- herein as "Miller" and hereby incorporated by refer- 
sired traits, without the need for additional other se* . ence). Transformations of competent Escherichia coli 
quences. Thus, the possible vectors include the Tiplas- 60 strain DH-1 were performed according to Maniatis. 
mid vectors, shuttle vectors designed merely to maxi- Plasmid DNA was prepared by alkaline extraction ae- 
rially yield mgh .numbers, of copies, episomal vectors cording to. Maniatis (referred to herein as "mini-prep 
containing minimal sequences necessary for ultimate DNA" or "mini-prep technique"). Site specific oligonu* 
replication ' nee transformation has occurred, transpo- cleotide mutagenesis was carried out as described in 
son vectors, horn logous recombination vectors, mini- 65 Geisselsoder, et al., (1987) BioTechniques 5:(8), 786-791, 
chromosome vectors, and viral vectors, including the except E coli strain BW313 (dut,ung) was used t pro- 
possibility f RNA forms f the gene sequences. The duce uracil— containing single stranded DNA, in vitro 
selection of vectors and methods to construct them are synthesized double stranded DNA was transf rmed 
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into E coli strain DH-1, and the Klen w fragment f synthesized d uble stranded DNA (dsDNA) was syn- 
DNA polymerase. I was used for the second strand thesized using the tw primers and transformed into 
synthesis which was incubated vernight at room tem- competent E coli strain DH-1. Ampicillin resistant col- 
perature. onies were screened using mini-prep DNA f r new 

Antibiotics are abbreviated as follows: Ap is ampicfl- 5 Hpal and Ncol restriction sites that mapped at the be- 
Hn, Km & a^iaamycin, Rif b rif ampicm and Tc is tetra- ginning of the gene and a BamHI site that mapped at the 
cycline. Micrograms are referred to herein as ug and end of the gene. The plasmid that fulfilled this and fur- 
milliliters are referred to as ml. Microliters are referred ' ther mapping criteria was designated as plasmid p5571. 
to as uL Hie next step in the construction strategy served to 

. 10 fuse a 35S Cauliflower Mosaic Virus (herein called 

Creation of Agrobactenum Tumeiaaens CaMV 35S promoter in the text and p35S in the figure) 

LBA4404/p5972 and p7506 to the beginning of the chalcone synthase coding ae- 

Thc plasmid pcPEl was obtained from H. Reif, Max quence and a poly-adenylation signal sequence to the 
Planck Inatitut, Koln, This plasmid contained a nearly end of the coding sequence. Plasmid pJJ2104 is de- 
rail length Pktunia hybrida chalcone synthase cDNA 15 scribed in Harpster et al, (1988) Mol Gen. Genet 
clone as an EcoJU fragment (For the sequence of a . 212:182-190 which is incorporated herein by reference, 
chalcone synthetase gene* see, Niesbach-Klosgen et aL and was used as the source of the CaMV 35S promoter 
(1987) 7. Mol Evolution 26:213-225,- which is incorpo- and pbly-adenylatioh signal sequence. This plasmid has 
rated herein by reference.) The construction strategy a modified CaMV 35S promoter contained within a 
that to to the c©^ 20 BglU and Ncol fragment The CaMV 35S promoter 

and p73Q6. which were used ;for the remtro^ucticfl imd . , within plasmid pJJ2104 is fused to the untranslated 
expression of this chalcone synthase gene into target leader, sequence of the photbsynthetic 22L chlorophyll 
plants b shown in FIG. 1. The . plasmids; shown in this a/b binding protein (here in called M Cab22L") to in- 
. strategy are labeled with only the relevant restriction crease transcriptional efficiency (see above reference), 
sites used either in the construction procedure or'dis- 25 The poly-adenylation signal sequence is from the nopa- 
cussedin the 'text. The plasmid numbers m the n^dle of line synthase gene (Depicker et al., (1982) Mol Appl 
the circles in the figure are the actual number designa- \ Genet l(6):561-573), and is contained within a BamHI 
tipns given to the plasmids in the construction strategy: and Hindlll fragment in the plasmid pJJ2104. 
The plasmid number in the lower bottom of the circles , Plasmid p5571 DNA was isolated and cleaved to 
refers to the cloning vector that gave rise to the relevant 30 completion with BamHI and then cleaved with Ncol 
clones. For example the first plasmid listed in the strat- - under conditions to give a partial, incomplete digestion 
cgy is pcPEl. This clone resulted from a ligation of an of the DNA because a second Ncol site lies within the 
EcoRI fragment into the commercially available don- chalcone synthase coding sequence. The DNA was 
ing. vector pUC18, so pcPEl is listed in the middle of subjected to electrophoresis through 0.5% low melt 
the circle and pUC18 is listed in the bottom. The restric- 35 agarose in standard fris-Acetate EDTA buffer (de- 
tion enzymes listed.by the drawn circles indicate which scribed in Maniatis) with ethidium bromide at 0.5 
enzymes were used to digest the plasmids and an arrow ug/ml incorporated into the agarose. The gel was exam- 
indicates " ; that a ligation reaction took place. Antibiotic ' ined briefly under medium length ultraviolet light using 
resistant genes that were used to select the clones are a transilluminator (wave length 312 nm) and a band 
indicated inside the circles. 40 corresponding to the length (approximately 1200 base 

The EcoRI fragment containing the complete coding * pairs) of the chalcone synthase coding sequence was 
sequence for chalcone synthase protein was recloned excised from the gel. The gel fragment was weighed to 
into the Eco&I site of plasmid pUC119 (Viera and determine the volume and brought to 0.3M sodium 
Messing, In Methods in Enzymology, 153(2) eds. Wu and 'acetate; The equilibrated agarose was heated to 65 de- 
Grossman, San Diego, pp.3-11, 1987) by digesting both 45 grees for the 10 minutes and then extracted with an 
plasmids with EcoRI, Ugation, and transformation into . equal volume of phenol saturated with 0.1M Tris-HQ, 
competent E coli strain DH-1. . A plasmid which cdn- pH 8. The aqueous phase was removed and extracted 
' tained pUCl 19. and the EcoRI chalcone synthase frag- twice with a chloroform-isoamyl alcohol (24:1) mixture 
merit was identified by restriction mapping and was and the DNA was then precipitated from the aqueous 
designated plasmid p6010. Plasmid p6010 was trans- 50 solution. (All the above techniques were used according 
. formed into competent E coli strain BW313 and single to stojdard conditions as described in Maniatis.) This 
stranded. DNA containing uracil was isolated (Viera eluted fragment was combined with plasmid pJJ2104 
and Messing, ibid.) A 26 base synthetic primer com- which was cleaved to completion with Ncol and 
posed of the sequence, 5'-CI T l'l ; 1 1 C I AGTTAAC- BamHI and a ligation reaction was set up and incubated 
CATGCTGACT-3', and a 24 base synthetic primer 55 for One hour at room temperature and the reaction 
composed of the sequence, 5'-CTACTTAGT- products subsequently transformed into competent E 
QGATCCGGCTTATAT-3 f ( were synthesized on an coli strain DH-1. Plasmid DNA was screened with re- 
Applied Biosystems 381 A DNA synthesizer using, the striction enzymes to identify the appropriate plasmid 
solid phase phosphotriester method^the 26 base prime* containing the 3?S CaMV promoter, the chalcone syn- 
was used to introduce two new restriction sites, Hpal 60 thase coding sequence, and the poly-adenylation signal 
andNcoI, atthebegiiu^ sequence. The plasmid p5634 was identified and sub- 

ticot site Overlapped the At G start codon of. the chal- jected to restrictibri digestion to confirm that the plas- 
cone synthase and would be used f r promoter fusions mid was the correct one. 

later in the construction strategy. The 24 base primer . Two different binary vectors were used in the con- 
was used to introduce a BamHI site that overlapped the 65 struction strategy. Plasmids pJJ3942 and pAGS502 are 
TAG translation stop codon and would be used later in both based on the broad host range cloning vector 
the construction strategy to fuse the chalcone synthase pRK290 (Ditta et al., (1980) Proc Natl Acad. Scl US. A. 
gene to a poly-adenylation signal sequence. In vitro 77:7347-7451) and contain a Neomycin Phosphotrans- 
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f erase II coding sequence fused at the 5' end to a nopa- . these cells were streaked for single colonies using an L 

line synthase promoter and at the 3' end t an octopine agar plate containing 100 ug/ml rifampicin and L2 

synthase poly-adenylation signal sequence between the ug/ml tetracycline. The procedure was repeated four 

left and right TiDNA borders (van den Elzen et al., times and resulted in all of the conjugation patch 

(1985) Plant Mot Biol 5:141-154). Plasmid pAGS502 5 streaked ont four separate plates. These plates were 

contains a polylinker with cl ning sites for BamHI,. incubated in the dark at room temperature until colonies 

Xbal, Hindlll, Xhol, EcoRI and Hpal for insertion of begin to appear (approximately 3-5 days). Isolated colo- 

ffagments near the TDNA right border. Plasmid . nies were streaked for single colonies on MinA agar 

pJJ3?42 contains Hindlll, BamHI, and Hpal as unique plates containing 1.2 ug/ml tetracycline. The plates 

cloning sites near the right horde?. An enhancer-like 10 were incubated for two days at 28* C A petri dish 

sequence from the 35S CaMV promoter is contained . containing MinA agar supplemented with 1.2 ug/ml 

between the BamHI and Hpal sites. This . fragment tetracycline was divided into eight equal parts of a 

spans the sequences between positions —45 and —200 circle and eight well, isolated single colonies were 

of the 35$ CaMV promoter to give approximately 200 streaked individually onto sections of the petri dish, 

bases of sequence upstream from the TATAA box. 15 This plate was grown up overnight at 28* C Three- 

: The entire 35S CaMV promoter, the chalcone syn- fourths of the cells from each of the eight sections were 

thase coding sequence and the nps poly-adenylation * removed from the agar using a sterile toothpick and the 

signal sequence are contained within a Bglll and Hin- DNA isolated from these cells using the mini-prep tech- 

dni fragment in plasmid p5634. Plasmid p5634 was nique. Each otthe DNAs from these eight preparations 

digested to completion with Bglll and Hindlll Two 20 was transformed individually into competent R coli 

different binary vectors, pJJ3?42 and pAGS502, were strain DH-1 and tetracycline resistant colonies were 

digested to completion with BamHI and Hindlll and isolated. One colony from each E coli transformation 

each was used in separate ligation reactions with plas- ; was grown up and the DNA isolated using the mini- 

mid p5634 digested with Bglll and Hindlll. The 5V prep technique. The DNA was subjected to restriction 

overhangs generated by the enzymes Bglll and BamHI 25 enzyme analyses to confirm that the DNA was the 

can ligatcd together but not recleaved by either en- original binary clone that was transferred to A tumefa- 

zyme. The ligation reactions were transformed into ciens LBA4404 via the triparental mating, 
competent co// strain DH-1 and tetracycline resistant 

colonies were isolated. DNA was isolated using the Plant Transformation 
mini-prep technique and screened with the appropriate 30 Petunia hybrida varieties: Pink Cascade was obtained 
restriction enzymes to isolate pM3942 and pAG$502 from DrT Michael Reid, Dept of Environmental Horti- 
derivative piasmids that accepted the Bglll and Hindlll culture, University of California, Davis; R18 and V26 
fragment. Further restriction digestions were per- were obtained from Dr. Anton Gerats, Dept. of Genet- 
formed to confirm tfre identity of the resulting piasmids. ics, Free University, Amsterdam. Petunia hybrida plants 
.The ligation product of pJJ3942 containing the insert 35 Mvere grown from surface-sterilized seed on sterile solid- 
was designated as plasmid p5972 and the ligation prbd T ified agar medium of 1/10 the concentration of medium 
uct of pAGS502 containing the insert was named plas- MS of Murashige supplemented with 0.5% sucrose, 
mid p7506. After germination, seedling tops were excised by cut- 

Plasmids p5972 and p7506 were mobilized (trans- ting in the&yppcotyl region and transferred to MS with 
felted) separately to Agrobacterium tumefaciens strain 40 1% sucrose. Plants were maintained at 28 # C under 
LBA4404 (Ooms et al., (1981) Gene 14:33^50). A tripar- "cool white" fluorescent bght at 4-5000 lux, 16h/day. 
ental mating procedure using R coli strain DH-1 carry-: About six weeks after planting (day 0), leaves were 
tng p5972 or p7506 (both tetracycline resistant), R coli excised,, cut with a scalpel blade into pieces about 5 mm 
flB lOl carrying plasmid pRK2013 (kanamycin resis- square and inoculated with A. tumefaciens that had been 
tant) (Ditta et al., (1980) Proc Natl Acad. Set U.S.A. 45 grown overnight in MinA medium supplemented to 
77:7347 T 7351) and A. tumefaciens strain LBA4404 (ri- 0.2% glucose (medium described by J. H. MiUer (1972) 
fampicin resistant) was set up. The two R coli strains Experiments in Molecular Genetics, Cold Spring Harbor 
were grown up overnight on L agar (see Miller) con- Laboratory, New York) and adjusted to 0.1-0.2 A550 
taming the appropriate antibiotics. The A.^ tumefaciens units. Inoculated leaf pieces were placed on incubation 
was grown up overnight in MinA broth (see Miller) 50 medium [basal MS medium (MS +3% sucrose +B5 
with no selection. One ml of the A. tumefaciens culture . vitamins)-*- 75- lOOuM acetosyringone, 1 mg benzy lade- 
Was pipetted into a sterile microcentrifuge tube and nine (BA) per. titer, and 0.2 mg indoleacetic acid 
spun in a microcentrifuge for 2 minutes to pellet the (IAA)/1] for two days in a sterile transfer hood at room 
cells. The supernatant was removed and 100 ul of fresh temperature (appro* 22* C). On day 2, 25-30 ml of 
MinA broth was added to resuspend the pellet A small 55 liquid basal MS medium -(-cefotaxime (500 mg/1) was 
amount of the R coli cells from each of the overnight added, to the plates. Plates were then swirled at 70-100 
cultures was scraped off the petri dish and spread to- rpm for 30-60 min. Leaf pieces were transferred with 
gether onto a fresh L agar plate (no antibiotics). The the upper epidermis facing up on selection medium 
. amount of area covered by the cells was approximately (basal MS+BA (1 mg/1), IAA 0.2 mg/1, vancomycin 
2 cm square. Each amount of R coli cells was approxi- 60 (100 mg/1)).' The plates were sealed with parafilm and 
mately equal to the amount of A. tumefaciens cells that incubated at 24* C. under moderate light (3000-5000 
was collected from 1 ml of culture. The 100 ul of resus- lux). On day 14, leaf , pieces were transferred to fresh 
pended A. tumefaciens cells was added on top of the selection medium. On day 28, calli were excised from 
spread R coli cells and mixed to form a conjugation leaf pieces and transferred to fresh selection medium 
patch. This petri dish was incubated overnight at room 65 and shoots were excised and transferred t h rm neless 
temperature. medium [basal MS + vancomycin (100 mg/1) and kana- 

On the following day approximately one-fourth of mycin (100 mg/1)]. On day 42 and following, shoots 

the cells was rem ved from the conjugation patch and were excised from calli and transferred t hormoneless 
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medium. After shoot elongation, shoots were excised Cells from the V26 variety were transformed with 

and dipped in naphthalene acetic acid (NAA) (0.1 mg/1) p7506 1 produce 20 plants. Seventeen plants produced 

f r root devel pment After rooting, plantlets were flowers colored the same as the V26 parent. Three 

transplanted to soil and gr wn in a greenhouse. plants produced flowers with col r patterns. One plant 

The Chimeric CHS gene in p5972 and p7506 Was 3 produced flowers with occasional small white spots, 

mtroduccd into several varieties of Petunia: (1) a hyorid One plant produced ne flower with a white tube, while 

variety called "Pink Cascade", (2) an inbred, R18, and the 6ther flowers were similar to the V26 parent. One 

(3) an inbred, V26. (See. examples 2-4) plant had flowers which exhibited nearly randomly 

distributed but sharply defined blotches. 

EXAMPLE 2 io Several trahsgenotes with white or patterned flowers 

Novel Derivatives of Pink Cascade Petunia. were crossed to V26. The progeny of a white trans- 

„ . _ - . . . , fl t r genote produced violet and white flowers in approxi- 

Pink J^ejproduces solid pink flowers. Leaf ex- ^ * 1:1 ntio „ expected for a single gene. The 

^^^^i*^ Prog«y <>f P^ts with patterned flowers were also 

withpsm^ whole l^PWim 15 ^erned or sometimes pure white. Not all plants were 

w T;?w uc ^ ^ had 1 «! ov ^ n ™. m - csi82ou8203 5^ m flower ^ mtcnshy or ^ 

and 1 13206 gave pure ^w^te peUl ^mibs, petal tubes and Qf ^ flQwcr ^ hcnotypcs Wtt m 

anthers. CS18202 and . 18205 gave flowers with a color ^ pr0 ^eny populations of some transgenotes and in- 

pattern: pink wedges at the outer margin of and in the — , ctc m u., the segregation ratio of solid 

center of petal limbs with the rest of the flower pure 20 tQ ^mcd or solid white was significantly 

white (some flowers on Xhis^t^crc sohd puie white, - ^ ^ j (for mcompl€tc penetrance), 

other flowers had this pattern). CS 1 8204 flowers were a ^ 

light, blotchy pink. ANALYSES ON PETUNIA HYBRIDA 

Progeny of the cross V26 x CS18202 included: 12 TRANSGENIC PLANTS 

plants with the color of V26 x Pink Cascade and 6 2 5 rn A Analyses: The steady state levels of messenger 

plants.with novel color patterns similar to the patterns rna from both wild type plants (i.e., with an endoge- 

of CS1$2Q2, but with smaller pigmented sectors on flOUS cnalc0 n C synthase gene) and transgenic plants (i.e., 

tower petals than upper petals in some progeny. Thus, ^ ^ introduced 35S CaMV driven chalcone syn- 

tfie production of novel color patterns by the intro- ^ gene)w ere analyzed in petunia petal using RNase 

duced gene is heritable, but the pattern itself may vary .30 protcction ^yses (protocol is titled RNA Transcrip- 

among progeny (because Knk Cascade is a hybrid van- ^ availaD i c from Stratagene, 1 1099 North Torrey 

ety, the progeny are genetically heterogenous). Pines Road, La JoUa, Calif.). 

EXAMPLE 3 Petals of six different developmental stages were first 
, . „ , . „ , \ . harvested from V26 petunia plants and from one trans- 
Novel Derivatives of the R18 Variety Transformed 35 gcnic y26 which had white flowers (plant #21838). 

withp5972 These stages were defined according to total petal 

Variety JEU8 produces solid, pale pink flowers. (Cells length, degree of pigmentation, and morphology: 
from the Rl 8 variety were transformed with p5972 to 
produce 14 plants. Nine plants produced flowers with 
the normal light pink color of R18 flowers. The flowers 40 
of five plants had hovel patterns. One plant gave pink 
radial stripes on a solid white background. Another 
gave mainly pure white flowers, but one flower had 
some pink wedge similar to wedges on CS 18202. The 
third gave occasional white wedges at petal junctions 
on a solid pink background. The fourth gave a mixture 
of pure white flowers and pink with white radial stria- 

tions (a starve pattern). The last gave white flowers j^a wai isolated from the above descnT>ed develop- 

with pink wedges at the outer margins of petals. ^ ^ ^ fof ^ ^ ^ V26 ^ ^ gcn ? 

EXAMPLE 4 plant #21838. One flower of each stage except stage 1 

> ■ a* r*v •* t ~* was sufficient tissue for extracting RNA. For stage 1, 

Novel Denvauves of the V26 Variety Transformed ^ ^ howm wCfC CfmM * a for ^ pr0C edure. 

witn p5972 ana p73Uo p?tal tjssue was frozcn m nitrogen and ground to 

Variety V26 produces solid, deep violet flowers. 55 a fine powder in liquid nitrogen using a pre-chilled 
Cells from the V26 variety were transformed with mortar and pestle. The tissue was added to 1 ml phenol 
p5972 to produce 37 plants. Twenty-eight plants pro- saturated with 0.1M Tris-HCl, pH 7.5 and 4 ml buffer 
duced flowers colored the same as the V26 parent; (100 mM NaCl, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 
Seven plants had flowers with novel patterns; two \% SDS) and the contents mixed. One ml of chloro- 
plants produced pure white flowers. Three plants had 60 form: isoamyl alcohol mixture (24:1) was added and the 
pigmented wedges at petal margins similar to CS 18202. contents mixed again. The aqueous phase was trans- 
One had "mostly pure white flowers, but some flowers ferred to a clean tube and extracted a second time with 
had single, small (3 mm) white spots. One plant gave fresh chloroform: isoamyl alcohol mixture. The aque- 
flowers having a beautiful "Cossack dancer*' pattern, us phase was transferred t a clean tube, an equal 
ie., a modified radial, star-like pattern. Two plants gave 65 volume of 4M lithium acetate was added and the con- 
flowers with a somewhat irregular, bl tchy pattern of . tents of the tube were placed n ice for three h urs. The 
white and purple patches; these flowers, though irregu- RNA was pelleted by centrifugation and the superna- 
lar, looked somewhat like the dancer pattern. tant was removed. The pellet was dissolved in sterile 
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no pigmenution (veins only) 
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slight flush of light purple around veins 
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40 


definite pigmenution from outer surface 
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53 


deeper pigmenution, fully extended, 






still closed 
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58 


fully pigmented, just suiting to open 
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nd* 


freshly mature, fully expanded 
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water, the solution was brought to 0.3M sodium acetate assay (Bradford (1976) Anal Biochem. 72:248-254). 
and 2.5 v lumes . f ethanol were added to precipitate Seventeen ug f pr tein for each sample was loaded 
the RNA. The RNA pellet was dissolved, in 100 ul f nto an %% polyacrylamide SDS gel. 
sterile water and the concentration of RNA was deter- Western analysis of purple flowered progeny sh wed 
mined spectroph tometrically. 5 that CHS protein was present in the petal extract fall 
Five ug of RNA was used for each protection assay. devel pmental stages, the amount of CHS protein 
A 160 nucleotide, radi labelled anti-sense. cab22L-CHS appeared to be the same for stages 1 and 2/ increased in 
RNA was transcribed in vitro, used as a probe in the . stage 3, stayed approximately the same for stages 3 t 4 
protection assays and annealed to the petal RNAs, all as and 5 and decreased slightly for stage 6. Western analy- 
described in the Stratagene protocol. After incubation 10 sis of white flowered progeny showed that, in compari- 
: with .single sttand. specific ribonucleases RNase K Jtid son to the purple flowered progeny, barely detectable 
RNase Tl, two different protected fragments will re- CHS protein was seen in stage 1 and appeared to be 
main, a 94 nucleotide fragment representing the endoge- more reduced in stages 2, 3, 4, 5 and 6. These analyses 
nous CHS mRNA and a 160 nucleotide fragment repre- showed that While CHS protein could be easily de- 
testing the introduced chalcone synthase transcript. 15 tected in protein extracts from purple flowered prog- 
. Ah autoxadiogram of the RNase protection assays for eny, in protein extracts of white flowered progeny CHS 
all six stages of wild-type V26 petunia petal RNAs protein was reduced to levels where it was barely de- 
showed that the chalcone synthase protection fragment tectable. 

Was most abundant in stage 3 and stage 4. From this A . • n *p ltuAnrt ; Ha 
experiment it was determined that the endogenous CHS 20 TLC of FUvonoids 
mRNA is present in petals at all developmental stages Thin layer chromatography (TLC) was done to corn- 
examined, gradually increasing in abundance up to pare flayonoid synthesis in white versus purple flowers 
stage 4 and then declining to almost undetectable levels from progeny of the cross #21838X V26. Mitchell petu- 
in the mature petal. niafjdwers.were.usetj as a negative control for anthocy- 

RNase protection assays on transgenic plant #21838 25 anin synthesis and a positive control for Oavonoid syn- 

showed that protection fragments for both the endoge- thesis. Flowers of three different lengths were used as 

nous and the ^troduced chalcone synthase were pres- ... follows; Mitchell (33 mm, 43 mm, 65 mm), purple (33 

ent The relative levels of the endogenous chalcone mm/42 him, 55 mm) and white (35 mm, 49 mm, 57 mm), 

synthase message followed a similar developmental This tubes #ere assayed separately from the limbs. Tis* 

profile as seen for wild-type plants; however, the over- ?0 iue was added tp 1.0 ml of 2N HC1, allowed to stand for 

all message levels were substantially reduced, as ob- 2 hours at rc£m temperature and then hydrolyzed for 20 

' served by visual inspection, in each stage from the lev- minutes at 100- C The supernatant was transferred to a 

els seen in the wild-type V26 plant In contrast to the clean tube and 200 ul of isoamyl alcohol was added. The 

wild type chalcone. synthase message, the chalcone samples Were yortexed for at least five seconds and the 

synthase message from the introduced 3 5S CaMV pro- 35 two phases allowed to separate. Samples were spotted 

inoter was present at a fairly constant low level onto a cellulose TLCf plate in four separate applications 

throughout each developmental time point This result , with drying between applications. Two identical plates 

demonstrates that the introduced CHS gene had the were set up and run in two different solvent systems; 

effect of vastly depressing the steady state level of en- acetic acid/36% HCl/water (30:3:10) and iso- 

dogenous CHS mRNA. 40 propanol/2N HC1 (1:1). The two systems discriminate 

. . between the anthocyanins. The purple progeny flowers 

Protein Analyses produced both anthocyanins and 

Antibodies were raised in a rabbit against, chalcone ell flowers produced ilavonols and little or no anthocy- 
synthase by injecting the rabbit with a fusion protein . . anins. The white progeny flowers produced little or no 
made in E. colu This fusion protein consisted of wild 45 anthocyanins and little or no flavonols of the type pro- 
type beta-galactosidase gene with the entire coding duced by the normal purple flowers. 

'^t^S^^'SrSm^ TLC Analysis of Anthocyanin Precursors 

(\9%l) EMBOJ. 2:(10):1791-1794). Immune antiserum The marked reduction in anthocyanin accumulation 
from the rabbit was used in Western analyses to eyalu- 50 in the white progeny flowers described above indicates 
ate wild-type and ttansfonned petunia petals. Western that. there is a block in the pathway for anthocyanin 
analysis were carried out according to manufacturer's biosynthesis* Analysis was performed to determine at 
instructions using the Proto Blot system from Promega which step of the anthocyanin biosynthetic pathway the 
Biotec; but similar techniques are described in Ausubel biochemical block occurred. Extracts were prepared as 
et al. t (supra). 55 described above from flowers of 22838 and 21841 

Protein extracts were prepared from purple and plants, as well as the V26 parent As is described in 
white segregants (described above). The same develop- Table I, the level of caffeic acid was increased signifi- 
mental stages as described above were used. Petal tissue cantly in 21838 and 21841 relative to the level present in 
was frozen in liquid nitrogen and then ground to a fine V26. The level of coumaric acid was relatively un- 
powder using a mortar and pestle. The frozen powder 60 changed. 

was transferred to a glass tissue homogenizer and ex- Coumaric acid is expected to be present in V26 flow- 
traction buffer (50 mM sodium phosphate buffer pH 7.0, ers both in the precursor pool and bound to anthocyanin 
1 mMdithiothreotol,b.l% Triton X- 100, 1 mMEDTA) (based on the Rt genotype of V26 (Heller and Fork- 
was used to homogenize the tissue. Protease inhibitors mann, "Biosynthesis", in The Flavonoids, Harborne, J. 
were added to final concentrations of 1 mM phenylme- 65 B., ed.. Chapman and Hall Ltd., London, 1988, pp. 
thysulfonyl fluoride and 0.2 mM Leupeptin. Cell debris 399-425, and references therein). The presence f ah- 
was removed by centrifugation and the protein content thocyanin-bound coumaric acid complicates the analy- 
f the supernatant was determined using the Bradford sis in terms f coumaric acid precursor levels. To deter- 
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mine whether the coumaric acid detected in TLC anal- 
ysis above derives, from the precursor r anthocyanin- 
bound form, a number of control petunia lines were 
similarly analyzed f r precursors. In particular, levels f 
coumaric acid in the. petunia line R27, which lacks the 5 
Rt gene necessary for coumaric acid linkage to anthocy- 
anins, were compared to levels of coumaric acid in V26. 
As can be seen in FIG. 1, there was no detectable cou- 
maric acid in extracts from line R27 (lanes 15 and 16), 
despite the presence of anthocyanin at levels compara- io 
ble to V26.(band with Rf of 0.86). 
. To confirm that coumaric acid is generally not de- 
tected in petunia lines lacking the anthocyanin-bpund 
form, extracts were prepared from flowers of lines W80 
(mutated , in the dihydroflavcmol-4-reductase gene), 15 
W85 (mutated in the dihydroflavonol-4-reductase 
gene), W37 (mutated in the fUvanone-3-hydroxylase 
gene) and R77 (mutated in both flavonoid 3'-hydroxy- 
laae and 3', S'-hydrpxylase genes) (Heller and Fork- 
, maun, and references therein). These mutants W37, 20 
W80, 1A^85 and R77 produce little or no anthocyanin, 
but the mutational block is not at chalcone synthase 
(Heller and forkmann, and references therein). No cou- 
maric acid was detected in corollas from any of these . 
lines. This indicates that the coumaric acid detected in 2 s 
line V26 is not from the precursor pool, but rather is 
bound to anthocyanin. 

The two white lines, 21838 and 21841, showed the 
accumulation of significantly more caffeic acid, and 
coumaric acid as a precursor (i.e., not bound to antho- ^ 
cyanin) than did the parent V26, consistent with a bio- 
chemical block at the chalcone synthase step. 

TABLE I 









ANTHO- 


CAF- 


COU- 


LIKE 


FLOWER 


PLANT 


CYANIN 


FEIC 


MARIC 


V26 


Purple 


control 


+ 


+ 


+ 


V26 


White 


21838 




+ + 


•f 


(CHS) 












V26 


White 


21841 






+ 


(CHS) 










R27 


Red. 


control 


+ 


+ 




R77 


Red 


control 


+/- 


+ 




W37 


White 


control 




+ 




WSO 


White 


control 




+ 




W85 


White 


control 




+ 
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The lines* 
equivalent 



re described is the tot. Symbols: none detected; +, detected at a level 
to that of Uoc V26; ++. detected at a level sig&iftcaotly above that of 
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EXAMPLE 5 

SO 

Genomic Chalcone Synthase (CHS) 

Experimental procedures in Examples 5 and 6 were 
performed at Vrije Universiteit according to the teach- . 
ings of the present invention (see, van der Krol t .Mur, 
Beld, Mol and Stuitje, "Flavonoid Genes in Petunia 55 
hybrida: Addition of a limited number of gene copies 
may lead to a collapse in gene expression " Plant Cell, 
Vol, 2 pages 291-299 (1990)). Unless stated otherwise, 
standard methods were carried out in accordance with 
protocols as found in Maniatis and . Bernard Perbal 60 
(1988), A Practical Guide to Molecular Cloning, John 
Wiley and Sons, New York. 

A. Preparation of Transformants 

VIP76 and VIP 106 were derived from the Petunia 65 
hybrida V30 CHS gene A genomic clone VIP 17, as 
described in Koes et al, (1986) NucL Acids Res. 
14:5229-5239. Specifically, V1P76 was constructed by 



cloning a 7.2 kb Ec Rl-Sall fragment fr m VIP 17, 
containing the CHS gene A with a 0.8 kb 5' promoter 
region, into the EcoRI-Sall site of the binary vector 
BIN19 (Bevan et al., (1984) Nut Acids Rex 
12:8711-8721). VIP 106 was constructed by cl ning a 
8.0 kb Xba I fragment from VI PI 7, containing the CHS 
gene A with a 4.5 kb 5' promoter region, into the Xba I 
siteofBIN19. 

For transformation of Petunia hybrida VR plants (van 
der Krol et al., (1988) Nature 333:866-869), the binary 
vectors with the different, gene constructs were mobi- 
lized into Agrobacterium tumefaciens strain LBA 4404 
using standard triparental mating techniques (Ditta et 
at, (1980) Proc Natl Acad. Set US.A. 77:7347-7351). 
Transformants were obtained through the standard 
leaf-disc transformation method (Horsch et al., (1985) 
Science 227:1229-1231). Transformed Petunia hybrida 
VR plants were grown is a greenhouse. 

B. Description of Transformants 

VIP76 contains 0.8 kb of the 5' promoter region of 
the CHS A gene, 2.5 kb of the CHS A gene exon and 
intrpn sequences and 3.9 kb of the CHS A gene 3' flank- 
ing DNA. VIP106 contains 4.6 kb of the 5' promoter 
region of the CHS A gene, 2.5 kb of CHS A gene exon 
and intron. sequences, and 0.5 o kb of the CHS A gene 
3' flanking DNA. Both genomic CHS clones were in- 
troduced into petunia VR plants. Of the twenty plants 
regenerated which contain VIP 106, one plant showed 
an evenly reduced pigmentation of the corolla. One of 
the 15 plants containing the VIP76 construct showed 
white flowers with small pigmented sections. 

C. Messenger RNA Data 

RNA was extracted from flowerbuds (stage 1-6 as 
defined by Koes et al., (1989) Plant Mol BioL 
12:213-226): To average out small differences in devel- 
opmental stage of the flowerbuds, five flowerbuds taken 
from one plant were pooled per stage. Nucleic acid 
isolation was performed as described by Koes et al., 
(1987) Plant Mol Bio. 10:375-385. 

Transcripts from VIP 106 and VIP76 contain CHS 
gene A sequences that derive from the petunia strain 
V30. They can be distinguished from endogenous petu- 
nia VR CHS gene A transcripts by primer extension 
experiments. Primer extension experiments using 32 P- 
labelled oligomer EL-4 (5'-dGATCAACACAGTTT- 
GTAGG-3') and 5 ug floral RNA (stage 4) were per- 
formed by annealing the oligomer and RNA in 10 ul 100 
mM Tris HC1, 20 mM MgCfe and 100 mM KC1 for 16 
hours at 30* C. Then 10 ul of 1 mM dGTP, 1 mM 
dATP, 1 mM dTTP, 1 mM dCTP containing 5U of 
reverse transcriptase were added, and the solution was 
incubated for 30 minutes at 37* C followed by 30 min- 
utes at 43* C. Extension products were recovered by 
phenol chloroform (1:1) extraction and ethanol precipi- 
tation, and then visualized on 6% sequencing gels using 
sequence ladders of CHS gene A primed with the same 
oligonucleotide as a marker. Extension of primer EL-4 
hybridizing to the first exon of CHS gene A results in 
one major fragment (176 nucleotides) for V30 CHS 
gene A mRNA, and two major fragments and one 
minor fragment for the VR CHS gene A mRNAs (186 
and 189 nucleotides and 181 nucleotides respectively). 
Normal pigmented transformants containing VIP 106 
and VIP76 have normal expression levels of VR CHS 
mRNAs in pigmented floral tissue. VIP78 transformant 
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76-1A, in which flower, pigmentation was inhibited, isolation was perf rmed as described by Koes et al., 

sh wed a lower than n rmal level of VR CHS mRNAs. (1987) Plant Mol Biol 10:375-385. The »P-iabeled 

cyaudi X3 a DFR antisense RNA was synthesized fr m the vector 

tAAMf L*. o P TZ18U in which the full-length DFR cDNA EcoRI 

Dihydroflav nol Reductase (DFR) 5 fragment was cloned. This pr be is completely pro- 

A. Preparation f Transf rmants tected by the transcripts f the VIP178, while RNase 
VIP178 was constructed using a 1.3 kb EcoRI DFR 

cDNA fragment frcim clone lambda DFR-A1, which ^^J^S^^^S^ 

was isolated^ follows. A lambda gt 11 cDNA library, 10 2? J^etunia lines R27 and J^™" ■ j- ct * _ 

as described^ van Tunen et al*<1988), EMBO /. 10 . The RNase protecUon cxpenments remitted distmc- 

7:1257-1263, was' prepared according to Young and * on ^tween the DFR mRNA from the sense DFR 

David, (1983) Proc Nail Acad. Set U&JL construct (VIP178, transcript completely pro- 

80:1194-1 198. The library, prepared from corolla tissue tecitd by the R27-DFR probe) and the petunia VR 

of flowerbuds of Petunia tiybrida line R27 (Van Tunen M DFR mRNAs (two subfragments upon RNase protec- 

ctd., (imXEMBOJ. 7:1257-1263) was screened with , tibn with the R27-DFR probe). For transformants 

a 1.4 kb EcoRI/BamHI fragment of the pallida gene 178-16 and 178-17, the DFR mRNA steady-state level 

(Martin et id., (1985) EMBO J. 4:1625-1630). Fourteen to flowerbud stage 4 resulting from expression of the 

clones hybridizing to this probe were purified. Thirteen transgene, together with that of the endogenous DFR, 

of these contained, an insert : of nearly the same size (1.5 genes was analyzed. In 178-17 a high expression of the 

kb), whereas one clone contained an insert of around 1.6 DFR transgene was observed relative to that of endoge- 

kb. Sequence analysis of the 5' and 3' ends of both types n pus DFR gene(s). in pigmented floral tissue of 178-16 

. of clones revealed that the smaller cDNA insert & e same effect was noted. In contrast, a severe reduc- 

(lambda pFR-Al) was nearly full-length, whereas the tf ort in both the endogenous as well as the transgene 

larger cDNA insert Sad ah extended 3' region and was yj>FR mRNA steady-state levels was observed in white 

shorter at the 5' end. Sequence analysis showed no fl ora 0 f transformant 178-16. 
differences between the clones. All fourteen clones 

shewed an identical .hybridization behavior, indicating EXAMPLE 7 

jtot these clones rept^sent tra^ptsof the sarnegene. Novel Dcrivatives 0 f the Chrysanthemum Variety 

™ e Eco RI . s *^^ 30 Moneymaker Transformed with a Chrysanthemum 

fragment of DNA polymerase I and dNTPs This Munt- 30 " C HS Sense Construct 

ended fragment was cloned into the Hindi site of Ml 3 

mp7 so it could subsequently be isolated as BamHI A. Isolation of a Chrysanthemum CHS cDNA 

^ i? S . pl0n , cd ,,^-? S C Ba ^?L?L« A cDNA library was constructed in the phage Xgt 10 

VIP103 (van der l^olet al,, (1988) Nature 333:86^869) made from ^ ^^^y avaikble chrysanthemum 

from which the CHS sequences had been removed. The. ^ "Debonair" according to the standard methods 

done which contams the Ba^I DFR fragment m Hynh et al. (DN A Cloning Techniques: A Practical 

^Td P " Approach. David Glover, e«L. IRL Press. Oxford 1984. 

For transformation of Petunia hybridaVR^is, Ac m ^^J^^F^^^^r 

binary vectors with the different, gene constructs were « J&STZSSl liiSf rfS? X 

mobilized into Agnbacterium tumefaciens strain LBA 2< &P°? / ec ™* mant J^"* i^n^ 

. 4404 using standard triparental mating techniques **NA for cDNA syndesis was prepared I froii .flower 

(Ditto et.al. (1980) Pr6c Natl Acad ScL U&A. . petal tissues; as described in example 4. A hybridization 

77:7347-7351). Transformants were obtained through probe was synthesized according to standard tech- 

the standard leaf^Iisc transformation method (Horschet « niques based on highly conserved CHS sequences as 

al. (1985) Science 227:1229-1231). Transformed petunia described in Niesbach-Klosgen et aL (J. Molecular Evo- 

hybrida VR plants were grown in the greenhouse. hition, 26. 213-25, 1987, which is incorporated herein 

by reference). The sequence of the oligonucleotide is: 

B. Description of Transformants 

VIP178 contains the CaMV 35-S promoter, a full- *> • S'Ccr^G^<^cccrGTro. 

length cDNA copy of the petunia R27 DFR gene and a utacaicaiu 

nopahne synthase 3' ^t^^J^D^g^c^. Bacteriophage plaques were selected on the 

i^ct (yiSl78)wasmtroducedmtO|)etunaVR.O^ ^ hybridization to the oligonucleotide above 

25 slants regenerated. 19 plants show a flower pheno- w . . f ,7, >«»>«»«»»«» .Trv 

^£<3^ iismg standard plaque hft methodology • Hybndmng 

nkVRplani^ . P h ** e cIoncs w * e ? f ? fo- 

llower pigmentation in sector or ring patterns. The DNA was prepared and then digested with reaction 
degree of pigmentation varies among different flowers *£*L ^ f^mng into the phagemid 

of the same plant For instance, flowers on transformant pBLUKCRIPT KS (Strategene Cloning systems. La 
178-16 are either completely pigmented or have a White 60 Jolla, Calif.). These phagemid clones were retested for 
corolla, hybridization with the oligonucleotide. Clones which 

had sequences giving a hybridization signal were sub- 
C. Messenger RNA Data jected to sequence analysis. Using primers based on 

RNA was extracted .from flowerbuds (stage 1-6 as pBLUESCRIPT KS sequence, cDNA clone sequence 
defined by Koes et al., (1989) Plant Mol Biol 65 was obtained up to about 150 bp of each end. For ne 
12:213-226). T average ut small differences in devel- such clone, 68% sequence homology was f und at the 
pmental stage fthefl werbuds, five flowerbuds taken 5' end of the cDNA clone, and 71% sequence hom 1- 
fr m one plant were pooled per stage. Nucleic acid gy was found at the 3' end f the cDNA clone. The 
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amino kM homol gy ringed fr m 78% t 91% from f ^ chrysanthemum CHS Gene Into 

theanunoternunustothec^^ GhryaanthemumVariety Moneynuker 

quence homology is consistent with that found by Nies- * ' 

back-KJosgen ct al. The cDNA clone with these se- Plasmid pFLG4716 wis introduced int E coli strain 

quences was theref re deemed to correspond to the: 5 JM83, . and then m bilized into Agrobacterium tumefaci- 

transcriptfr m an authentic chrysanthemum CHS gene. strain LBA4404 as described in Example 1, with 

geritamyciii *t 1Q ug/ml being used as selecti n agent 

B. Construction of Vectors for Introduction Into rather than tetracycline at 1.2 ug/ml. Individual trans- 
Chrysanthemum corijugant colonies were purified, and a single colony 

The CHS cDNA sequence was modified to introduce 1° elected for chrysanthemum transformation. The col- 

an Ncol site at the start codon and a BamM site just °ny was grown as described in Example 1, DNA was 

downstream of the stop coilon, essentially as described Elated, and plasmid DNA transformed into R colt 

in Example t. The resulting plasmid was then treated st™* SK1592 (Yanish-Perron et al. f 1985, Gene, 33, 

with restriction enzymes Ncol and BamHI,and fce 103-99). The JWA was subjected to restriction enzyme 

fragment was iigated with an NcoI^BamHI fragment " analysis to confirm that the DNA retamed the onpnal 

cSiing a promoter sequence and a polyadenylation structure of the tetts^lasnud that was transferred to 

signal sequence (plasniia^J2i04, sec Example 1). tht * fjf LBA4404 via the tnparental matmg. 

re^ctioTUdu^ T TSii 

£cotf strain CH5a(^^ !T<£^^^ 

toon < enzymes .to identfy the m > plasmid con- (Q ^ ^ ^ 

uumng the 35S CaMV promoter, ^ c^themum „ ^ructWthel^ 

c^con synthase c^ and the poly-^y- mrT) cd ^ ig ^uSce and me same transcriptional 

lation signal sequence A plasmid was isolated with the l^^ dx J^ oasi ^ S} ^f 0TihcNVmgcae . 

appropriate characteristics. • . • ' chrysanthemum (Dendmnthema grandiflora) variety 

To facilitate clomng m the nextstep, an Sphlsite was M( ^ ma ^ was obtaincd from Fides BV, De Lier, 
placed with an EcoRI site in the plasmid above. An ^ th e Netherlands. It was maintained and propagated by 
SphI ate at the junction between the polyadenylation ladn ■ hoda j segment* (7-10 mm) into Magenta GA-7 
signal sequence and the cloning vector was replaced ; cubcs Co., Chicago) with 80 ml of an MS- 
with an EcoRI site Ky first digesting with Sphl.remov- based medium (MS major salts, minor salts and iron, 
mgthe4base-jf«iroveriiangwithT4DNA Murashige et al., 1962, i>A>t& Pkmta., 15, 473-97), B-5 
andthenhgaungto^RIlin^^ 35 vitamins (Gamborg et al., 1968, Exp. Cell Res., 50, 
EcoRI, a ligation reaction was performed prior to trans- U8-51), 3% sucrose, 3 mM 2- (N-Morpholino) ethane- 
formation into DH5a. Bacterial colonies were picked ^fordc acid (MES), pH 5.7 (with KOH) which has 
and tested for loss of the SphI site and the presence of ^ n solidified with 0.7% Tissue Culture agar (Hazelton 
an EcoRI site at the same location. The resulting plas- Biologies, In;). The in vitro plants were grown in a 
mid was designated pFLG9336. 40 controlled environment room at 24.C under 16 hours 

Plasmid pAGS802 is a binary vector used for the iliuminatidn/day at 150-200 foot-candles of plant spec- 
introduction of the chrysanthemum CHS construct * trum fluorescent illumination (Agro Lite, Philips), 
contained in pFLG9336. The binary vector contains left Partially to fully expanded leaves and petioles from 
and right border regions from Agrobacterium tumefach the in vitro plants were removed and placed in a few 
ens T-DNX (van den Elzen et al., Plant Mol. Biol., 5, 45 mis of sterile distilled water ina 150x20 mm petri plate. 
149-54, 1985), an NPjil coding sequence (Berg at al.» f w0 4 mm wide sections, each of petiole and leaf, were 
Proc. Natl. Acad. Sci; U.S.A., 72, 3628-32, 1975) fused n^e. The water was removed and the explants were 
at the 5' end to the CaMV 35S promoter and at the 3' then inoculated with Agrobacvterium tumefaciens strain 
end to an octppine synthase poly-adenylation signal (see LBA4404 cohtaining plasmid pFLG4716 (as described 
Example 1), and the lacZa multiple cloning region of 50 above) which had been grown on Minimal A medium 
pUCI19. The plasmid harboring this T-DNA construct (Davis et al., 1950, J. Bacterid., 60, 17-28). The ex- 
also has a rninimal C01E1 replicon, obtained as the plants were then removed from the excess inoculum and 
Alwnl-PvuH 180 bp fragment of pBR322 (Bolivar et placed on 7.0 cm sterile .Whatman #1 filter paper circles 
al., Gene, 2, 95^113, 1977), and a Pseudomonas aerugi- on v top of incubation medium plates, specifically MS- 
nosa replicon, pVSI, obtained as a SacII-BamHI frag- 55 based medium as above with 0.2% Gelrite (Scott Labo- 
ment (Stanisich et al., J. Bacteriol., 129, 1227-33, 1977). ratories, Inc.), 2.0 mg/1 6-BA (6-benzylaminopurine), 
Plasmid pAGS802 has a unique EcoRI site in the lac 1.0 mg/1 NAA (2-naphthaleneacetic acid), 200 fiM 3', 
multiple cloning region, into which was inserted the 5'-dimethoxy- 4'-hydroxy-acetophenone (acetosyrin- 
EcoRI fragment carrying the chrysanthemum CHS . gone). The incubation medium plates were incubated at 
fusion construct of pFLG9336. After ligation reaction 60 room temperature (around 22* C.) for 3 days, 
products were transformed into E coli strain MJ83 Following the incubation period, explants were trans- 
(Yanish-Perron et al., 1985, Gene, 33, 103-99) and.se- ferred to selection medium plates, specifically, MS- 
lected for gentamycin resistance, bacterial colonies based medium solidified with 0.2% Gelrite, containing 
were grown up. for plasmid DNA isolation. Plasmid 2.9 mg/1 6-BA, 1.0 mg/1 NAA, 500 mg/1 Geopen (car- 
DNA was screened for the presence of the EcoRI frag- 65 benicillin, Pfizer, Roerig) and 100 mg/1 kanamycin sul- 
ment containing the CHS coding sequence construct in fate. Plates were placed in clear plastic boxes and put in 
pAGS802, giving a plasmid designated pFLG4716 (see a controlled environment room at 24* C. with 150-200 
FIG. 3).. foot-candles illumination for 16 h urs/day. After 6-7 
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weeks, regenerated shoots were rem ved fr m the ex- 
plants and placed on rooting medium, specifically, MS- 
based medium solidified with 0.2% Gelrite with 500 
mg/l.Geopen and 50 mg/1 kanamycin sulfate t confirm 
tramformatioiL these shoots were evaluated after 16 
days for rooting in the presence of kanamycin sulfate. 
Rooted plantlets were transplanted to soil and gr wnin 
a greenhouse to flowering. 



nia as described in a pri r example above). This data is 
summarized in Table II. 

. Accumulation of caffeic and/or coumaric acid is 
indicative of a block at the chalcone synthase step in the 
pathway for flavonoid biosynthesis. This indicates .that 
plants A, B and C, derived from transformation with a 
CHS gene construct, had either a complete or partial 
biochemical block at the chalcone synthase step. 

TABLE II 



GENE CONSTRUCT 


FLOWER COLOR 


PLANT 


ANTHOCYNIN 


CAFFEIC 


COUMARIC 




pale pink 


Control 


+ 


+ 


+ 


pFLG47!6(CHS) 


pile pink 




+ 


+ 


•+ 


pFLQ47l6(CHS) 


extremely 


C 




+ ' 






tight pink 










pFLG4716(CHS) 


white 


A3 




+ + 


+ + 


pAOSS02 <-) 


ptle pink 


Control 


+ 


+ 


+ 


pAGS190(-) 


pale pink 


Control 


+ 


+ 


+ 


pAGS190 (-) 


extremely 


D 






+ 




tight pink 











Plants A, B, C and D arc described above. Symbols: nooe detected; + detected at a level equivalent to that of Moneymaker 
(parent); + +', detected at a level significantly abovethatof parent (at katt 30% more). 



D. Characteristics of Chrysanthemum CH Transgenic EXAMPLE 8 



Chrysanthemums 25 



Acetolactate Synthase (ALS) 



Chrysanthemum variety Moneymaker has a pale pink ... , . ,. . > t • 
color. Explants were transformed with pFLG4716 as . „ £ *■ ^feSST?* 'ftlZXZST* , c ^ 
described *bove to produce 133 CHS-transgenic plants. 5^ and SuRB^(Chaleff et al (1986) Molecular Stttt- 
An additional 134 plants were transformed with a bi- tt*™** 0 * UCLA Symposium on Mo- 
nary vector lacking the CHS construct Plants were 30 jBtfSJg ^ ^ 
brought to flowering by subjecting them to short "day 48:1 ^ 25 > ** ch ^ eni ? me * ( ^ tol ^ te 
conditions, created by covering the greenhouse area (AW), was used in a tnmsfonnation study, 
with black cloth tor 12-13 hours each day for 80 days. A^S is Devolved in the first common step m the biosyn. 
Of the 267 plants 8 plants had flowers which were of ^ched chain ammo acids m plante. ALS is 
slightly lighter pink than the flowers of the parent,. 9 35 £" ,te of^d is sensitive to, the action i of sulfonylurea 
plimtsliadflowerswhichwereyellow,andl6hadflbw, f$*g&? i A L *.*? m ? t;L ' {I 984) / BwL 
ers which were darker pink than the flowers of the . 2 jf J 753 " 8 ? 5 ?' A single ammo acid replacement in the 
mt ALS protein results in a herbicide resistant form of the 

Of the 1,33 plants resulting from pFLG4716 transfer . «*J*»f; tt *L (1988) EMBO Journal .W24M24ps 
mation, the ray flowers of 2 plants were pure white (A, 40 f^. 0 ""* mediated by mut8tl0^ of e,ther * e 
B), and the ray flowers of 1 plant were extremely light 5uR * or f locus ; ., . . . „ 
pink (Q; No plants with white color were obtained ^jtm "failed below, tobacco cefls were 
from Moneymaker transformed with vector alone. One t»«&n»d with DNA oontaming ; a deleted form of 
extrmelyhght colored plant was obtained in a control ALS gefte which, would, if fuU length, encode a 

transformation CD) 4i . resistant form of the ALS enzyme. Homologous recom- 

Several plants with unaltered flower color, ^\,.'»^^*^'aa^v^^te^(^ 
CHS-transformed white flower plants (A, B), the CHS- ^ to , ?* e resuIt ° f '3 >I *? mcnt ° f ^ "T^ 
transformed extremely light colored flowering plant ^! r ? °? the AL§ gene at the SuRB locus by deleted and 
(Q. and die control.transformed extremeiy light flow- * om ' of ** *** ««l e - **** 
ering control plant (D) were analyzed by thin layer SO ^.numbers (one to three) of copies of the introduced 
chromatography for Aavohoids. Ray flowers were sep- fW»«t in addition to the substituted SuRB locus, 
anted from disc flowers for this analysis. The flowers ;. U ?° n TOM"*" »t° a Pjaf. one of the clones (con- 
Tram one composite flower were placed into 2.0 ml of . -^m three copies of the fragment) was found to 
2N HC1, and then heated for 20 minutes at 100' C An have regained its > sensitivity ^to SU. That n, the senativ- 
^quotpfthe hydroiysatewasttansferred teanepperi- 55 . ,tv Phenotype of the SuRA locus (not homologously 
dorf tube and extracted with 0.2 Volumes of isoamyl r^m^td)^^cs^jmd^Tt^^pUno- 
alcohol. Samples were run on cellulose thin layer plates , of the SuRB locus which was the site of the homo), 
as described in Example 4. ■ ogous recombination (and for which there were addi- 

None of the plants produced flavonpls; the plants tionalcopiesin the genome of the mutant fragment)was 
with unaltered colors produced the same pattern of » -J***^ °, r suppressed. Tnis is evidence for the repres- 
anmocyanins as the original Moneymaker, Plants A, B, °/ ^ AL f «««stance phenotype in accordance 

C and d produced no detectable anthocyanins, consis- wth the method of Uie mvention. 
tent with the lack of color in the flowers. Plants A. B Experimental details and results are set forth below, 
and C produced enhanced levels of bands with mobili- Method logy 

ties corresponding to that of caffeic acid and coumaric 65 _ — _, 

acid. In contrast, plant D did not accumulate additional Construction f the Targeting Plasmid 

caffeic r coumaric acids. There was no evidence of The plasmid pAOSlS7 contains a tobacco mutant 
coumaric acid bound to anthocyanins (unlike V26 petu- ALS gene with three nucleotide replacements (S86, S87, 
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1719) which give rise to the two amino acid replace- gested with SO units of the appropriate restriction endo- 
ments (196:pro->ala and 573:trp-*leu); either one f nuclease for 2-4 hours at 37* C. Hybridization and 
these amino acid replacements confers herbicide resis- washing were carried ut as described (Lee et al. (1988) 
tance to the encoded ALS. enzyme (Lee et al. (1988) EMBO Journal 7:1241-1248) t high stringency. Probes 
JE^BOVowrna/ 7:1241-1248); pAGS167 carries the cor- 5 were prepared either by using ribopr be vect rs 
rereading wild-type gene. These plasmids were used (Promega, Madison, Wis.) or by random priming (Bo- 
te construct the targeting plasmid. In vitro mutagenesis ehringer Mannheim, Indianapolis, Ind.) as recom- 
(kunkel (1985) Proc Natl Acad ScL U.&A. 82:488-492) mended by the manufacturers, 
was used to introduce a diagnostic Apal site (AGAG* _ . 
CACACi^ACKKJCCCAGi753') 25 bp downstream 10 Segregation Analysis 
from the 573:trp-*teu mutant site in pAGS157, to form Transformed plants were self-pollinated, and the re- 
the plasmid p AGS 175. This new site did not change the. suiting seed were plated on MS media (Murashige and 
ammo acid sequence of the protein. Subsequently, a 1.0 Skoog (1962) Physiol Plant 15:473-497) containing ei- 
kb Ncol-Hpal fragment from p AGS 175, containing the ther 200 ug/ml kanamycin or 50 ng/ml chlorsulfuron. 
- 196:pro-*la mutation, Was replaced by the equivalent 15 Seedlings were scored after 10 to 14 days as either sensi- 
fragment from pAGS167, containing the wild-type se- tive or resistant depending on their ability to form roots, 
quence. The resulting plasmid, pAGS177, contains the 

single 573:trp-*leu mutation and the introduced Apal RESULTS 

site. pAGS 177 wis u gated between the T-DNA borders Targeting Strategy 

■i^J^^^^}^^^^£Z 20 Th e targeting DNA consists of , muUnt ALS gene 
e^(l?8»Jttefor£**« 16:7ttl-7617)togive the th e tufcB locus conferring herbicide resistance 

. , ^7" , - , ; oi»ui B iiuui ; m o seauences and promoter. The resistance mutation is 

' with this plasmid are resistant to hygromycin, kanamy- . fJ^T^ !l T mtr j„ ri nn 

cm; and chlorsulfuron. An inactive form of the herbi- 25 * trp-leu change at amino acid 573; an Apal restriction 

^>l!^c7o,» a i c iJZ* < vk H*utin« r^mrtvtn«r sitc was introduced 25 bp downstream of this mutation 

cide resistant ALS gene with a 1 ,5 kb deletion removing. ;■. • . . . . . / _ *T . / . . j, A ^^ A- A - A 

the promoter and the 5' 510 bp of the' ALS coding t0 ^ ^ ctm « DN A (this sequence alteradonchd 
^^Su^^M as follows. The plasmid not change the ammo acid sequence of the encoded 

pAGS177 was digested with Clal and PstI and the ^? Lr 4 . - - A * 

dngle-strand overhangs removed by treatment with T4 30 c Since the coding sequences between the SuRA and 
DNA polymerase and dNTPs. The 1.86 kb fragment *f< 

containing Ute 573:tfWleu mutation and the novel ^BOJoujnal 7:1241-1248), it is ^>ssible t^t reoombi. 
Apal site was purified from an agarose gel and cloned nation could occur at each locus, ^wever, the products 
tntothe Hpal site between the T-DNA borders in the of recombination at either locus can be differentiated by 
binary vector pJJ2525. The resulting plasmid was 35 their restriction digest pattern, 
named pAGS182BV and was used for the experiments. Transformation with the Nonfunctional Mutant ALS 
It has a total of 1.86 kb of homology to the SuRB ALS Gcnc yields Chlorsulfuron Resistant Colonies 

gene. The binary vectors pAGS180BV and ^ x , „ . „ ox a _ t 
PAGS182BV were conjugated into the Agrobacterium .. . Tobacco (cv. Wisconsin 38) P^P^^^f 
strain LBA4404 (Hoekema et al. (1983) * flft ,„ 40 tivate<I ^ 

303:179-180) by triparental mating with* R coli strain control plasmid) or pAGS182BV (which cames the 
HB101/pRK2013 (Figurski and Helinski (1979) Prdt deleted fragment from the mutant ALS gene). FoUow- 
Natl Acad, USA. 76:1648-1652). .tag co^ulnvation, protoplasts were divided and pkted 

on chloreulfuron (2 ng/ml) or kanamycin (50 ug/ml). 
Agrobacterium Co-cultivation with Tobacco 45 Transformation with pAGS182BV produced seven 
Protoplasts - chlorsulfuron resistant clones. Transformed calli and 

The protoplasts were obtained from leaves of N. the regenerated plants derived from these calli were 
tabaccum var Wisconsin 38 plants propagated by nodal rnamtained on 10 ng/ml chlorsulfuron until transfer to 
culture. Co-cultivation of protoplast-derived tobacco the greenhouse. Each herbicide resistant transfonnant 
colonies with A. tumefaciens was carried but as de- 50 was tested for kanamycin resistance by transferring 
scribed previously , (van der Elzen et al. (1985) JPlant callus pieces to plates containing 200 ug kanamycin/ml 
Mol Biol 5:149-154); Selection ifor kanamycin or chlor- ahd monitoring survival. Of the 7 chlorsulfuron resis- 
sulfuron resistance was initiated 8 days after protoplast tant transformants selected, 2 (HR11 and HR15) were 
isolation. Co-cultured plant cells were plated on a me- also kanamycin resistant. 

dium cohuining either kanamycin (50 fig/M) or chlor- 55 CWonulfuron Rcsistant clones Result from 

sulfuron (? ng/ml), and this medium was replaced twice Homologous Recombination 

weekly. Plants were regenerated by placing colonies on 

4he mediuin of Murashige and Skoog (Murashige and To determine if the chlorsulfuron resistant clones 
Skoog (1962) Physiol Plant 15:473-497) containing 0.1 resulted from homologous recombination or spontane- 
jig/ml NAA, 1.0 pg/ml BAP and 10 ng/ml chlorsulfu- 60 ous. mutation, Southern hybridizations were conducted 
r0Q> on genomic DNA from the 7 chlorsulfuron resistant 

transformants. As a probe, an EcoRI-Hindlll fragment 
Southern Analysis of Genomic DNA was used from the Su^ gene which spans the intro- 

Genomic DNA was isolated from selected herbicide duced mutations and extends 450 bp in the 5' and 750 bp 
resistant callus and shoot tissue grown in Magenta 65 in the 3' direction. 

boxes, or from leaves of regenerated plants grown in the After genomic DNA is digested with Ncol and Apal, 
greenhouse (Dooner et al. (1985) Mol Gen. Genet. the two endogenous ALS genes, SuRA and SuRB, give 
200:240-246). Approximately 10 ug f DNA was di- rise to hybridizing bands of 4.7 kb and 2.0 kb. Homolo- 
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gous recombination between the pAGS182BV DNA progeny was consistent with a single locus for kanamy- 
and the ALS gents at SuRA or SuRB should result in cin resistance. When grown on media containing both 
the appearance of two new bands of 1.2 kb and 0.8 kb. kanamycin and chlorsulfur n, these progeny segregated 

In each instance the hybridization pattern for DNA . . 9:7 resistant:sensitive. This suggested that the markers 
isolated from; three independent chlorsulfuron resistant 5 f r kanamycin resistance and chlorsulfuron resistance 
transtonnants (HR11, HR14 and HR15) digested with were not linked. Progeny from HR15 were n t chlor- 
Ncpl and ApaJ showed the bands predicted if horn lo- sulfuron resistant (0/500 seed). On kanamycin the ratio 
gous recombination had occurred. The other four of resistant to sensitive progeny was consistent with a 
cldorsulfuron resistant transformants had hybridization 63:1 ratio, indicanng the presence of three independent 
patterns which were identical to untransformed tobacco 10 loci for kanamycin resistance, 
(data not shown); hence,, it is presumed they have arisen Overall, the observed phenotype of the HR15 plant is 
from spontaneous "mutation at the SuRA or SuRB loci. consistent with the introduced resistant fragment of the 
The Southern hybridization patterns, for DNA from ALS gene, which replaced the sensitive form of the 
; HR11, KRI4 and HR15 showed the 1.2 kb and 0,8 kb gene at the SuRB locus, being suppressed by the addi- 
. bands predicted to result from, homologous recombina- 11 tional three other copies which occur (in a non- 
tion at the SuR loci. In DNA from HRU and HR14, expressed state) in the genome. This suppression was 
there appeared to be no ALS hybridizing bands other . not immediate upon the introduction of the resistant 
than those attributed to homologous recombination, ALS genes since the callus from which HR1S was de- 
suggesting additional T-DNA random insertion events riVed was herbicide resistant; however, with the ongc- 
had not ^ occurred. In the plant HR15 three extra hybrid- 20 faa cell division and plant regeneration, the herbicide 
izing ALS bands occurred, suggesting three additional resistant phenotype was suppressed, 
insertions 6f T-DNA in this transformant 

Southern .hybridization was also carried out follow- EXAMPLE 9 

ing digestion of DNA with Spel, which cuts in the Novel Derivatives of Plants with Modified Production 
genomic sequences flanking the SuR loci. When to- 25 0 f Plant Oils 

oicco genomic DNA digested with Spel and Apal, the _ ' , - A . . ^ , OT>x 
endogenous ALS genes should give rise to hybridizing ^ ?*? n of £ D) 

baiids of 10 kb and 3.4 kb. Homologous recombination . . «« e » {"?•■ ******* *e**** A **>™ 

between pAGS182BV DNA and SuRA should- result in .^Example 1 1 for the chrfcone synthase gene, and using 

- new 5.4 kb ind b.8 kb bands, while recombination at 30 ^rmticm *»<>wn in the > art about hpid biosynthettc 

SuRB should result in hybridizing fragments of 2.6 kb .-..P^Wg" *™ Uc ^ « t *f°. ns . on 

and 0 8 kb same above). The SD gene is modified to contain ko- 

Hybridizatipn bands were analyzed for the genomic M .^g restrKtion sites for introduction into the 
DNA isolated from regenerated plants after digestion Ml 10 * P^-,™? a««^tic construct 

with Spel and ApaL The 1.6 kb band predicted follow- 35 ***** 35 4 S Cauhflower Mo **\ c Vlrus P ro * 

in« homologous recombinauon at SuRB appeared only moter m the correct onentation to produce a sense 
m DNA from the putative recombinants HRU, HR14 .transenpt having a rx>ly-iuiMyjation signal from tte 
and HR15. The^ber hybridizing fragments in these ^f^l^^^T A P ho ^yntheUc 22L 

DNAs apparently repr^t the Spel-Apal fragments ? k ^ n J 71 ? lcader scquencc * 9150 mcIudcd 

' generated from the random insertion of the T-DNA 40 d ^ lbeU alK>ve ' ^ . . . A _ + 

carrying the targeting ALS gene into the genome. As . The new cons^uct is checked to verify the correct 
expected based on the Ncol-Apal hybridization pat onentation and vector content. A tnparental mating, as 
te£s7HR15 had iat least two otheVliybridi^gbana^in" . : descnW^vetoE^ 1 , is then performed I using 
the Spel-Apal digestions: An additional band was also corresponding vector constructs and strains for the SD 
seen in HR11 DNA, suggesting at least one T-DNA 45 8 e 5f* , A - . ... A ^ r . , 

nmdbm insertion. These data are consistent with the * Iant ^ansformauon with A. tumefatiens clones is 
observation that HR11 and HR15 are also kanamycin perfonned as described m Examp e 1. After transgenote 

"resistant, indicating that they contain a functional - J"* 0 *??* whole plante are regenerated as 
NPTIIgene'The results from Ipel^Apal hybridizations 

- show that ihe novel Apaf restriction site marker in the 50 .^^T^^ assaymgtteoil or lipid 
tar*etmgDNAisnowun^^ Production o Ac transgenote plants on HPIX columns 
the SuRB cent or 0 r metnods 10 accordance with standard proce- 
dures. 

Chlorsulfuron Resistance Segregates as a Single eyampt Pin 

Mendelian Gene in the Recombinant Plants HR1 1 and 55 tAAM^Lt iu 

HRU Novel Derivatives of Plants with Altered Production of 

The results of genetic analysis of the transformants Sugars or Carbohydrates 

HR11, HR14 and HR15 are summarized below. The An isolated petunia starch synthase gene is substi- 
segregatioh of chlorsulfuron resistance to sensitivity in tuted for the chalcone synthase gene in the procedure 
the progeny from self-pollinated HR14 was consistent. 60 described in Examples 1 and 8. The procedure is per- 
with a ratio of 3:1 resistant:sensitive, indicating a single formed essentially as described except for the screening, 
dominant locus for chlorsulfuron resistance. All seed A standard iodine based starch assay or other assay for 
derived from HR14 were kanamycin sensitive. Progeny starch content of a biological sample is used to deter- 
from self-pollinated HR1 1 gave a ratio of chlorsulfuron mine, for selection, the plant transgenotes exhibiting a 
resistance to sensitivity consistent with either a 3:1 r 65 modified starch content. 

2:1 ratio, indicating a single Mendelian locus with the All publications are herein incorporated by reference 
possibility f partial penetrance r homozygous lethal- to the same extent as if each individual publicati n r 
ity. The segregati n of kanamycin resistance in these patent application was specifically and individually 
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indicated to be incorporated by reference. The inven- 14. A method of claim 10, wherein said segment en- 

tion now being fully described, it will be apparent to codes a flavonoid metabolic pathway gene, 

one of rdinary skill in the art that many changes and 15- A method of claim 10, wherein said plant is a 

modifications can be made thereto without departing dicotyledonous plant. 

from the spirit r scope of the claims. 5 16 - A method of claim 10, wherein said plant pro- 

What is claimed is: duccs flowers. 

1. A method for producing a plant exhibiting at least , A method of claim 10, wherein said plant is se- 
one modified phenotypic trait by suppressing expression fr ° m * c ^ 0U P consistmg of the genus Petunia or 

f an endogenous gene in the plant, said method com- chrysanthemum, 

prising the steps of: 10 ' mt ^°& *° r modifying the coloration of chry- 

tranlfonnini plant cells with a polynucleotide to san^emum flowers compmmg ^ 

produce teansgenote cells, the polynucleotide com- P"*«*"» transforming a chrysanthemum cell with 

piuuuwc u«ia^cuuic vcu^ uic pu^uuwicuuu* w a c halcone synthase gene or gene segment contained m 

pnsmg a promoter operawy umceo 10 a uisjk seg- ^ . ^ rf 

Asrobacterium tumefaciens, 

ment such that transcripts of the segment are pro- whercin ^ synthasc gene j, opcrab l y linked 

duced m the sense orientation m the transgenote _ Q 

. . . , , ° to a promoter, 
cells which segment transcripts have at least 65% 19 A lam of ^ chrysanthemum produced by 
sequence identity to transcripts of said endogenous ^ method of cither of claims j or 10 exhibiting altered 
gene and are effective to suppress expression of flowcr coloration( plant comprising plant cells 
said endogenous gene m said plant cell; 2 0 transformed with a sequence which is transcribed into 
growing plants from one or more of said transgenote M sequence substantially homologous to an en- 
cells, wherein production of mRNA encoded by dogenous flavonoid biosynthetic pathway gene tran- 
the endogenous gene is reduced in one or more of script. 

the plants; and 20. A plant of claim 19, wherein said plant cells are 

selecting a plant exhibiting said modified phenotypic 25 transformed with a Ti plasmid vector, 

trait 21. A plant of claim 19, wherein said RNA sequence 

2. A method of claim 1, wherein said plant is a flower- is a t least about 500 bp in length and encodes a chalcone 
ing plant. synthase protein fragment. 

3. A method of claim 1, wherein the segment encodes 22. A method of claim 1, wherein said transcripts of 
a full-length protein. 30 the segment produced in the transgenote have greater 

4. A method of claim 1, wherein the segment encodes than about 80% sequence identity to said transcripts of 
a flavonoid metabolic pathway protein. said endogenous gene. 

5. A method of claim 1, wherein the segment encodes 23. A method of claim 1, wherein a plant exhibiting 
a protein in the fatty acid biosynthetic pathway. the modified phenotypic trait is selected visually. 

6. A method of claim 1, wherein the segment encodes 35 24. A method of claim 1, wherein a plant is selected 
a protein in the sugar to starch biosynthetic pathway. by identifying reduced levels of mRNA encoded by the 

7. A method of claim 1, wherein said promoter is a endogenous gene. 

constitutive promoter. 25 - A method according to claim 10, wherein the 

8. A method of claim 1, wherein a transcript of the transcripts of the DNA segment correspond to a full 
segment in the transgenote cells is identical to a tran- * length transcript of the endogenous gene. 

script of the endogenous gene sequence in the trans- 26. A method of modifymg a plant cell phenotype by 

genote cells reducing the level of mRNA encoded by an endoge- 

9. A method of claim 1, wherein said polynucleotide nous «~ » | the P limt f d * eth ?£ comprising: 

is in a DNA vector growing plant cells transformed with a polynucleo- 

«n a j /• " j ■ j ** * ^ • 45 tide comprising a transcribable DNA segment lo- 

10. A method for reducing producUon of a pro em d< Lstxc^ from an operably linked pro- 
product of an endogenous gene m a plant, said protein whereby the segment * transcribed in the 
affecting a phenotypic trait in the plant, said method ^ m ^ orit * utioTlt whcrcin the Uan . 
comprising the steps of: scribed DNA segment has a sequence complemen- 

growmg plants from a plant cell transformed with a 5Q to thc ^NA endoded by the endogenous 

DNA segment under operational control of a pro- ^ whcfcb t^^tion of ^ DNA seg- 

moter, wherem transcripts of the DNA segment rocnt is effective to reduce the level of mRNA 

are in the sense orientation produced which are transcribed by said endogenous gene; and 

substantially homologous to transcripts of an en- screening the cells for the modified phenotype. 

dogenous gene encoding the protein, and wherein 55 27. A method according to claim 26, wherein the 

production of the protein is reduced; and promoter is constitutive. 

identifying a plant that exhibits a phenotypic change 28. A method according to claim 26, wherein the 

by screening the plants for modification of the endogenous gene is dihydroflavonal reductase, 

phenotypic trait. 29. A method according to claim 26, wherein the 

11. A method of claim 10, wherein said plant cells are 60 plant cell is a dicot plant cell. 

transformed with a Ti plasmid vector comprising said 30. A method according to claim 26, wherein the 

DNA segment plant cell is a tobacco protoplast. 

12. A method f claim 11, wherein said vector com- 31. A method according to claim 26, wherein the 
prises a constitutive promoter. transcribable segment encodes an herbicide resistant 

13. A method f claim 10, wherein said promoter is 65 tobacco acetolactate synthase gene, 
heterologous to said plant 



* * 



United States Patent m 

Jorgensen et al. 



[i l] Patent Number: 5,034,323 
[45] Date of Patent: Jul. 23, 1991 



[54] GENETIC ENGINEERING OF NOVEL 
PLANT PHENOTYPES 

[75] Inventors: Richard A. Jorgensen; Carolyn A. 

Napoli, both of Oakland, Calif. 

[73] Assignee: DNA Plant Technology Corporation, 
Oakland, Calif. 

[21] Appl. No.: 331,338 

[22] Filed: Mar. 30, 1989 

[51] Int CL 5 C12N 15/29; A01H 4/00 

[52] UJS. CL 435/1723; 800/205; 

800/DIG. 67; 536/27; 935/30; 935/35; 935/67 

[58] Field of Search 800/1; 435/172.3, 317.1; 

935/35, 64, 67, 30, 55; 536/27 

[56] References Cited 

PUBLICATIONS 

Hahlbrock, "Flavonoids" in The Biochemistry of Plants 
(E. Conn, ed.) vol. 7 (1981) Academic Press, pp 
425-456. 

Reif, et al. (1985) Mol. Gen. Genet 199: 208-215. 
Meyer, et al. (1987) Nature 330: 677-678. 
Horsch, et al. (1985) Science 227: 1229-1231. 
Hall, et al. (1986) New Phytologist 103: 33-43. 
Van der krol, et al. (Jun. 1988) Nature 333: 866-869. 
Promega Catalog 1988/1989 Wisconsin U.S.A. p. 2. 
Mol, et al. (1983) Mol. Gen. Genet. 192: 424-429. 
Reeves et al., Genetics and Cytogenetics, Biol Abst. 
83(2): AB-454-455, 13846 (1986). 
Krishnan et al., Plant Physiology, Biochemistry and 
Biophysics, Biol. Abstr. 82(7):AB-855, 67053 (1986). 
Larsen, Carlsberg Res. Commun. 52:381-392 (1987). 
Scherer and Knauf, Plant Molecular Biology 9:127-134 
(1987). 

G. Forkmann and B. Kuhn, (1979) Planta 144:189-192. 
P. Dunsmuir et al., (1987) "Promoters and the Overex- 
pression of Foreign Genes in Plants" in Plant Biotech- 
nology (T. Mabry, Ed.) IC 2 Institute 107-119. 



C. Martin et al., (1985) EMBO J. 4:1625-1630. 
A. Van Tunen et al., (1988) EMBO J. 7:1257-1263. 
R. Spribille and G. Forkmann, (1982) Planta 
155:176-182. 

R. Koes et al., (1987) Plant Molecular Biology 
10:159-169. 

R. Koes et al., (1986) Nucelic Acids Research 
14:5229-5239. 

U. Reimbold et al., (1983) EMBO I 2:1801-1805. 

F. Kreuzaler et al., (1983) Proa Natl Acad. ScL USA 

80:2591-2593. 

U. Niesbach-Klosgene t al., (1987) / Mol EvoL 
26:213-225. 

H. Wiering and P. de Vlaming, "Genetics of Flower 
and Pollen Colors" in Petunia, Monographs on Theoreti- 
cal and Applied Genetics, vol. 9 (K. C. Sink, Ed.), 
Springer Verlag, Berlin (1984). 
C. Martin et al., (1987) "The Control of Floral Pigmen- 
tation in Antirrhinum Majus" in Developmental Mutants 
in Higher Plants (Thomas & Grierson, Eds.) Cambridge 
University Press. 

J. Harborne, "Functions of Flavonoids in Plants" in 
Chemistry and Biochemistry of Plant Pigments (T. 
Goodwin, Ed.) 2d ed., vol. 1 (1976) Academic Press, 
London. 

Primary Examiner— Elizabeth C. Weimar 

Assistant Examiner — Che S. Chereskin 

Attorney, Agent, or Firm — Townsend and Townsend 

[57] ABSTRACT 

Methods are provided for producing plants exhibiting 
one or more desired phenotypic traits. In particular, 
transgenotes are selected that comprise a DNA segment 
operably linked to a promoter, wherein transcription 
products of the segment are substantially homologous 
to corresponding transcripts of endogenous flavonoid 
biosynthetic pathway genes. 
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exhibiting interesting phenotypes, for further character- 

CENETIC ENGINEERING OF NOVEL PLANT ization. 

PHENOTYPES Unfortunately, the induction of mutations to generate 

diversity often involves chemical mutagenesis, radiation 

FIELD OF THE INVENTION 5 mutagenesis, tissue culture techniques, or mutagenic 

This invention relates generally t theuseofrecombi- R^etic stocks. These methods provide means for in- 

nant DNA methods for genetically altering plants, and creasing genetic variability m the desired genes, but 

more particularly, to improved means for altering color frequently produce deleterious mutations in many other 

patterns and color intensity of flowers and other plant genes. These other traits may be removed, in some 

pans. 10 instances, by further genetic manipulation (e.g., back- 
crossing), but such work is generally both expensive 

BACKGROUND OF THE INVENTION and timc consuming. For example, in the flower busi- 

The water soluble pigment flavonoids are significant ness, the properties of stem strength and length, disease 
in their contribution to the coloration and other proper- resistance and maintaining quality are important, but 
ties of higher plants. For example, the flavonoids are 15 often initially compromised in the mutagenesis process, 
responsible for most orange, scarlet, crimson, mauve, The advent of recombinant DNA technology has 
violet and blue colors, and contribute significantly to provided horticulturists with additional means of modi- 
yellow, ivory and cream colored flowers. See Har- fying plant genome. While certainly practical in some 
borne, (1976) Chemistry and Biochemistry of Plant Pig* areas, to date genetic engineering methods have had 
ments, 2d ed., Goodwin (Ed.) Acad. Press, London. 20 limited success in modifying the flavonoid biosynthetic 
The most important of the pigment molecules are the pathway. Recently, the inhibition of flower pigmenta- 
anthocyanins, particularly pelargonidin, cyanidin and t i on ^th a constitutively expressed "anti-sense" chal- 
delphinidin. These are the darker colored pigments cone synthase gene has been reported (Van der Krol et 
responsible for the orange-red, magenta and mauve a i ( (|988) Nature 333:866-869). 
colors, respectively. The other major flavonoid types, 25 there exists ft need for improvcd me thods for 
the chalcones, isomeric flavanones, flavones and flavo- producing plants with desired phenotypic traits. In 
nols are light colored and tend to have relatively particular, these methods should provide general means 
smaller effects on intensity or patterns of color. for p hcnotyp i c modification, and may lessen or elimi- 

The functions of these pigments extend well beyond natc ^ely the necessity for performing expensive and 
coloration of flowers, however. The pigments also 30 toe _ consuming backcrossing. 
color fruits, leaves and other plant parts, and impor- 
tantly provide plants with UV protection, as well as SUMMARY OF THE INVENTION 
protection against herbivores and microbes. Other uses accordance with the present invention, methods 
include allelopathy and even some pharmaceutical ap- ^ m for producin ^ pIants cxhibiting onc or 
plications. ,, o . ip . , o more desired phenotypic traits. The invention is based 

species. The chalcones and aurones are products requir- thc dcsircd <*" * f tCtt \* X T??T £ 

inVonly the initial biosynthetic enzymes, being direct comprising a DNA segment operably linked to a pro- 

products of the earliest precursors. The flavones and 40 moter. wherein transcYiption products of the segment 

flavonols are intermediate, and the anthocyanins are *re substantially homologous to corresponding tran- 

products requiring substantial modifications from the scnpts of endogenous flavonoid biosynthetic pathway 

initial precursors. All of these products are dependent 8«es. The transgenotes are grown into plants, such as 

upon the activity of the initial enzyme chalcone syn- flowering plants capable of exhibiting novel traits, m- 

thase (CHS), which catalyses the production of chal- 45 eluding a reduction in color intensity, an altered pattern 

cone from three molecules of malonyl-Coenzyme A and color, or a change in basic color of the plant flowers or 

one molecule of coumaroyl-Coenzyme A. other plant organs. 

Essentially, all of these phenotypic traits have natu- The invention further embraces the introduction of 
rally evolved coordinately with constraints related to one or more flavonoid biosynthetic pathway gene re- 
plant reproduction. For example, the appearance of a 50 gions, under the control of promoter regions, into dicots 
flower has generally resulted from the requirement to and other plants in which the gene is endogenous. In 
attract insects who assist in the pollination process es- particular, thc invention comprises plants, such as those 
sential for the sexual reproduction of the higher plants. of the genera Petunia and Chrysanthemum, wherein the 
Of course, the decorative and ornamental features im- plant is grown from a cell transformed with a sequence 
part to flowers a significant commercial value. 55 which is transcribed into an RNA sequence substan- 

Mankind has traditionally intervened in some of the tially homologous (other than anti-sense) to a desired 
natural processes by, e.g., simply selecting particular flavonoid biosynthetic pathway gene. DNA or RNA 
flower colors and patterns which might otherwise not equivalents are introduced into plants in a way to pro- 
have survived in nature. Breeders routinely generate duce more of the endogenous (already present) tran- 
new and unusual flower phenotypes by a variety of 60 script, but not to produce solely an anti-sense transcript, 
time-tested breeding methods. The classical techniques This is accomplished by using a DNA segment (natural 
for breeding improved plants, such as different flower or constructed) in which the promoter is positioned in 
varieties with altered flower color intensities or color the normal orientation at the 5' end of the encoding 
patterns, typically required natural genetic variability region so that a "sense" transcript (rather than antisense 
within the experimental gene pool of the species and its 65 transcript) can be produced. The plant cells can be 
relatives. More recently, the generation of variability by transformed with a variety of vectors, such as viral 
induction of mutations has been utilized. Breeders then vectors, episomal vectors, shuttle vectors, Ti plasmid 
select among the resulting population those products vectors and the like. 
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The invention also embraces methods for reducing chalcone isomerases (CHI), flavanone 3-hydroxylases, 
expression of endogenous nucleic acid sequences cod-. dihydroflavonol reductases, flavanone 2-hydroxylases, 
ing for proteins acting in a flavonoid biosynthetic path- dihydroflavanol 2-hydroxylases, flavonoid 3'-hydroxy« 
way of a plant, the method comprising the step of intro- Iases, flavonoid 5'-hydroxyIases, flavonoid glycosyl- 
ducing into a cell of the plant a DNA sequence substan- 5 transferases (including glucosyl transferases such as 
tially homologous to the endogenous sequence and UDPG: flavonoid 3-O-glucosyl transferase and UDPG: 
under the operational control of a promoter sequence, flavonol 7-O-glucosyl transferase, and rhamnosyl trans- 
such as a cauliflower mosaic virus sequence. The DNA ferases), flavonoid methyltransferases (such as SAM:an- 
segment typically comprises at least about 50 nucleo- thocyanidin 3-(p-coumaroyl)-rutinoside-5-glucoside 
tides and may be a full length gene, such as a chalcone 10 S'^'-O-methyltransferase) and flavonoid acyltransfe- 
synthase coding sequence. In addition, the invention rases. See, Hahlbrock (1981) Biochemistry of Plants, 
comprises the methods of preparing and using the van- Vol.7 ( Conn (Ed.); Weiring and de Vlaming (1984) 
ous DNA constructs of the present invention. "Petunia", K.C. Sink (Ed.), Springer- Verlag, N.Y. 

BRIFF DF9PRTPTTON DF thp FTf»TrRF^ Anthocyanin pigmented flowers have colors 

BRIEF DESCRIPTION OF THE FIGURES |5 throughout the range orange to rcd t0 purple t0 blue> 

FIG. 1 shows the construction of exemplary plasmids Chalcones and aurones are yellow or orange. Flavones 

of the present invention. and flavonols are very light yellow, or "cream" col- 

ncxA tt cn nccroTDTTnw orcd - Fkvanones are colorless. Elimination of anthocy- 

Vt, l AlLHU Ufc,^KlKl IUN anins ^ diversion of the pathway t0 flavone or flavo . 

The present invention provides novel methods for 20 nol production would create cream colored flowers, 

producing plants, and embraces the plants so produced, Shifts from blue to purple or purple to red or red to 

and methods of their use. The invention is based in part orange can be engineered by interfering with 3' or 5' 

on the discovery that a reduction in expression (i.e., hydroxylases of 2-hydroxylases. Interference with 2- 

repression) of a cellular gene product may be attained hydroxylases can also reduce color intensity of antho- 

upon introduction into the cell of a flavonoid biosyn- 25 cyanin pigmented plants. Interference with CHS would 

thetic pathway nucleic acid fragment that is ultimately create white flowers and with chalcone isomerase 
transcribed to yield a mRNA transcript substantially . would create yellow flowers. A wide variety of bi-color 

homologous to a portion of the gene's transcript. The patterns can be created, the two colors being the color 

duplicated transcript is preferably produced prior to the of the target plant before engineering and the color 

native transcript, but may be produced simultaneously 30 resulting from the expression of the introduced flavo- 

with the native transcript as well. Depending on the noid gene. Types of patterns include: radial star-like 

time and amount of transcript produced in a trans- patterns; picotee (white outer edge); white annular cen- 

genote, a plant grown from it will exhibit a variety of ter; concentric colored rings; erratic, irregular patterns, 

different phenotypic traits. In particular, selecting e.g., variegated or blotchy. There are many variations 

plants with varying color patterns and intensity, typi- 35 on these patterns, some more attractive than others, 

cally without harming other desirable plant characteris- some with sharp boundaries between colors, some with 

tics, can be readily achieved in accordance with the diffuse boundaries, some with linear boundaries, some 

present invention. with wavy, curved boundaries. Also lighter, solid col- 

By way of example, and not limitation, an exemplary ors are observed, 

preferred embodiment of the present invention entails 40 Suitable sources for flavonoid gene sequences usable 

introducing a full-length chalcone synthase (CHS) cod- in accordance with the present invention are plants, in 

ing sequence operably linked to a cauliflower mosaic particular higher plants, virtually all of which normally 

virus promoter into Petunia hybrida cells. These trans- possess a flavonoid biosynthetic pathway of some type, 

genotes are grown into plants and variations in flower Any flavonoid pathway which generates naringenin 

coloration are selected. The modified flowers exhibit 45 chalcone or compounds generated from naringenin 

substantially all of the characteristics of the native Petu- chalcone which itself is generated from coumaroyl- 

nia hybrida plants. Those skilled in the art will readily Coenzyme A and malonyl-Coenzyme A by chalcone 

appreciate that other traits, other plant nucleic acid synthase will be appropriate, 

sequences and the like may be readily substituted in t 

accordance with the following guidelines. 50 Introduced Nucleic Acid Sequences 

— . The properties of the nucleic acid sequences are var- 

131 ied, and the preferred embodiments will describe a num- 

A variety of traits are selectable with appropriate ber of features which the person of skill in the art may 

procedures and sufficient numbers of transgenotes. recognize as not being absolutely essential, but clearly 

Such traits include, but are not limited to, visible traits, 55 advantageous. These include isolation methods of the 

environmental or stress related traits, disease related particular sequence to be introduced, certain features of 

traits, and ripening traits. Among the easiest to select the sequence and certain features of the associated vec- 

are the flavonoid genes, giving rise to visible traits, In tor, if any. Transcriptional expression of the introduced 

particular, the traits of color intensity, color hue and gene is important, and— without intending to be limited 

color pattern are subject to the repression effect. 60 to a particular mechanism — additional production of a 

The class of genes within the flavonoid biosynthetic transcript relative to the normal expression of the en- 
pathway includes those nucleic acid sequences directly dogenous form of the sequence is likely part of the 
involved in reactions or control of reactions which underlying mechanism, especially prior to attainment of 
synthesize or modify a flavonoid compound. Flavo- peak levels of endogenous gene expression, 
noids are a class of compounds, numbering about 3000 65 RNA resulting from transcription shall be referred to 
whose functions in plants include coloration in flowers, herein on occasion as "transcript" or "mRNA". Typi- 
fruits, leaves, and other organs. Examples of flavonoid cally, transcript which is processed (e.g., introns re- 
biosynthetic genes include those for chalcone synthases, moved and 3' end polyadenylated) is referred to as 
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mRNA ("messenger"). As used herein "homolog us" cially preferred. However, an intrcxiuced sequence 

means c rresporiding t (the same as). RNA which is identical to the endogenous genomic sequence will be 

homologous to a gene, is RNA which corresponds to most preferred. 

the template sequence (with the normal exception of It should be noted that since a full length coding 

uracil f r RNA in place of thymidine for DNA). Thus, 5 sequence is unnecessary, it is possible t produce the 

cellularly produced "homologous RNA", as used same effect on multiple proteins using a single transf r- 

herein, is not complementary to the template DNA mation by fusing multiple sequences t gether to coordi- 

strand of the gene. nately repress various different genes. Assuming a suffi- 

Expression of an endogenous gene, e.g., a gene in the cient number of introductions are made, the introduced 
flavonoid pathway, yields varying levels of transcript 10 sequence need not be linked to an operative promoter 
depending on the type of cell and its developmental sequence. However, a promoter sequence would be 
stage. During flower development, certain cells, e.g., preferred, particularly a partially or fully constitutive 
cells that give rise to petal epidermal tissue, produce or promoter. "Operably linked" refers to functional link- 
begin to produce a transcript at a level which rises at or age between the affecting sequence (such as a promoter 
subsequent to flower meristem initiation. The transcript 15 or 3' segments) and the controlled nucleic acid se- 
levcl reaches a peak later in flower development and quence. The same effect would be produced by the 
eventually decreases. This rise and fall of transcript introduction of a promoter operably linked to the cod- 
level may occur over a series of days, e.g., 7-14 days. ing strand of an endogenous sequence. This can be ef- 
The rise may also occur rapidly, e.g., over a period of fected by either the introduction of a promoter alone to 
hours, especially in the event of induction such as by 20 a site operably linked to the target sequence, or by the 
UV or visible light. For example, the transcript level is reintroduction of a sequence of endogenous origin 
usually decreasing at the mature flower stage (flower rccombinantly attached to an operably linked promoter 
maturation). (resulting in a chimeric gene). 

The proposed mechanism of repression would re- A heterologous sequence is one that originates from a 

quire that some transcription of the introduced se- 25 foreign species, or, if from the same species, is substan- 

quence be produced. While the sequence need not nec- tially modified from its original form, 

essarily correspond to the final translated message or a In considering the expected temporal stage of expres- 

part thereof, there are corresponding forms of the sion of the introduced gene, relevant factors include the 

mRNA which are functional in repression, but still type of promoter, the temporal pattern of the promoter, 

contain parts of introns or only nontranslated segments 30 and the operation of the promoter in view of its position 

of the primary transcript of the normal endogenous within the genome. A promoter which is expressed 

sequence. Thus, the effect may occur where the intro- concurrently with or prior to the normal activation of 

duced sequence contains no coding sequence per se, but the homologous endogenous sequence is preferred. A 

only intron or untranslated sequences homologous to constitutive promoter is most preferred, such as the 

sequences present in the primary transcript of the en- 35 cauliflower mosaic virus promoter. This promoter is 

dogenous sequence. constitutive because its operation is relatively indepen- 

The introduced sequence generally will be substan- dent of the developmental stage of the cell in which it is 

tially homologous to the endogenous sequence intended contained. A regulated promoter, such as ones associ- 

to be repressed, such that the controlling elements rec- ated with the ribulose-l,5-bisphosphate carboxylase, the 

ognize that the introduced sequence is present, the in- 40 chlorophyll binding proteins or the glycine-rich root 

teraction results in the repressive effect. This minimal protein genes are also suitable. This control may be 

homology will typically be greater than about 65%, but either temporal with respect to the developmental stage 

a higher homology might exert a more effective repres- of the cell, or based upon differential expression by 

sion of expression of the endogenous sequences. Sub- different parts or organs of the plant 

stantially greater homology, or more than about 80% is 45 As referred to above, the operation of a promoter 

preferred, though about 95% to absolute identity would may vary depending on its location in the genome, 

be most preferred. Consequently, the effect should Thus, a regulated promoter may operate differently 

apply to any other proteins, within a similar family of from how it does in its normal location, e.g., it may 

genes exhibiting homology or substantial homology. become fully or partially constitutive. 

For example, the chalcone synthase protein may be 50 It is preferred to have the DNA sequence linked to 

encoded by one or more homologous genes which com- and situated at a distance from the promoter corre- 

prise the chalcone synthase gene family, and repression sponding to the distance at which the promoter is nor- 

of one member of the family will typically serve to mally most effective so as to ensure sufficient transcrip- 

impose the same repressive effect on others of the fam- tional activity. This distance should be within about 

ily. Similarly, for example, chalcone synthase genes 55 1000 nucleotides, preferably within about 500 nucleo- 

from other plant species may be utilized. tides and optimally within 300 nucleotides of the trans- 

The introduced sequence, needing less than absolute lation initiation codon. 

homology, also need not be full length, relative to either At the 3' end of the coding sequence, operably linked 

the primary transcription product or fully processed segments may also be included. Thus, it would be opti- 

mRNA. A higher homology in a shorter than full length 60 mum to have a 3' untranslated region containing the 

sequence compensates for a longer less homologous polyadenylation site and any relevant transcription ter- 

sequence. Furthermore, the introduced sequence need mination sites. A 3' sequence of less than about 1000 

not have the same intron or exon pattern, and homology nucleotides is sufficient, about 500 preferred and about 

of non-coding segments will be equally effective. Nor- 300, or the length of the 3' untranslated tail of the en- 

mally, a sequence of greater than 50-100 nucleotides 65 dogenous sequence is be optimum, 

should be used, though a sequence of greater than about If the introduced gene, is an intact gene from the 

200-300 nucleotides would be preferred, and a sequence target plant or other plant species (meaning a complete 

f greater than 500-1000 nucleotides would be espe- gene containing coding sequences, intron, promoter, 
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enhancers and other cis-acting regulatory elements ei- enable isolation of other forms or equivalent forms from 

ther upstream (5*) or downstream (3*) of the coding different sources. 

sequences), a fraction of independent transgenotes, de- Transposon tagging of a flavonoid gene can assist in 

pending on the gene, may carry the introduced gene in the isolation of the relevant gene. Transposon tagging 

locations that result in abnormal expression, i.e., expres- 5 involves a mutation of the target gene. A mutation is 

sion at abnormal times in development. If the intro- isolated in which a transposon has inserted into the 

duced gene is a chimeric gene (meaning that one or target gene and altered the resulting phenotype. Using a 

more elements, such as a promoter, from another gene probe for the transposon, the mutant gene can be iso- 

has been substituted for a component of the intact gene lated. Then, using the DNA adjacent to the transposon 

or added to the intact gene, including coding sequences 10 in the isolated mutant gene as a probe, the normal wild 

fused to upstream and downstream sequences necessary type allele of the target gene can be isolated (McLaugh- 

or beneficial for expression) and is driven by a constitu- ^ ^l^ 0 , 1 < 1987 > ^^^VhV* ?^T X « 

tive (fully or partially) promoter, then abnormal levels al., 1985) Mol Gen . Genetics 2W*40-24^ and Federoff 

and timei i of expression l tfll be achieved in a large frac **« (1984) Proc Natl Acad. Scl USA 8 1:3825-3829). 

tion of transgenotes. If the introduced gene is a chimeric 15 However, as indicated abo ve, the homology between 

gene and is driven by a developmental^ regulated pro- the inserted gene and the endogenous gene need not be 

moter, depending on the promoter, some fractioi of absolutely idenucah Foreign homologous genes would 

transgenotVs will show abnormal levels and times of * sub J ect t0 this repression phenomenon, 

expression of the introduced gene. The strength of the Target Plants 

promoter or other cis element can be the same lower, whole 

or higher than the coding sequence s usual promoter. ^ Qr ^ 

The timing in development can be earlier or the same ^ P hich ^ ^ ^ £ the ' method of the 

While many of these improvements suggested are not {$ ^ ^ ^ ^ ^ q{ w hef 

essential, the efficiency of production of useful trans. 2$ plants amena & e to transformat i on tcchnique s, including 

genotes may be sigmficantly affected. Some of the bQth monocotyledonous and dicotyledonous plants. It 

transgenotes may be identical to the parental plants, indudes lants of a yari of loid levelSj including 

others may have reduced amounts of colored or color- { ^ d - }M and ha loid 

less flavonoids throughout the petals or other organs of ^ invemion has particular application to plants 

interest Others may have reduced amounts of flavo- 3Q which express the flavonoid pat hway genes. At least 

noids in certain cells or patches of cells or segments of some of ^ flavono i d pathway genes are essentially 

petals or other organs resulting in regular or irregular ub i quitous j n higher plants; their products are found in 

patterns. Bowers on the same plant may even have flowcrs or other plant organs (such ^ leaves> stemS( 

different patterns. The likelihood of obtaining a desir- r00tSj tubers ^ bracts> sepals> fruits> vegetables) which 

able transgenote will depend upon the number of trans- 35 m colored. These colors are provided largely by an- 

genotes screened and the efficiency of actual transfer- thocyanin pigments, other flavonoid pigments, copig- 

mation and expression of the foreign nucleic acid se- mentSf or colorless flavonoids synthesized from chal- 

quence. cone by the plant. See Hahlbrock, supra; Harborne, 

The choice of nucleic acid to exert the described ( 1986 ) pi ant Flavenoids in Biology and Medicine: Bio- 
repressive effect is broad. Assuming appropriate selec- 40 chemical Pharmacological and Structure Activity Rela- 
tion procedures and sufficient numbers of transgenotes, tionships; Harborne, (1976) Chemistry and Biochemistry 
a wide variety of plant genes could display this effect, 0 f Plant Pigments, (2d ed.) Vol. 1, Goodwin (Ed.) Acad, 
particularly genes associated with plant pigmentation. Press. 

Among the plant pigmentation genes are the flavonoid Fruit (e.g., apples, cherries, plums, grapes), vegetable 

genes, and most particularly the chalcone synthase gene 45 ( e . gi( eggplant, peppers, kale, lettuce, radishes, cauli- 

sequence. flower) or other edible plant part (e.g., potato) colors 

Flavonoid gene sequences may be isolated by stan- arc £$0 subject to manipulation using these techniques, 
dard procedures of hybridization of genomic or cDNA Flower colors, of course, are commonly very depen- 
libraries by the methods described in Maniatis et al. (see dent on the activity of the flavonoid pathway genes, and 
below). Screening may be by (1) nucleic acid hybridiza- 50 thus are especially sensitive to the absolute and relative 
tion using homologous genes from other organisms, (2) levels of expression of the flavonoid biosynthetic path- 
probes synthetically produced to hybridize to particular way genes. Ornamental plants and flowers are valuable 
sequences coding for known protein sequences, or (3) commercially, and thus are typical targets of the meth- 
DNA sequencing and comparison to known sequences. ods herein described. Creation and selection of new 

Flavonoid genes may be enriched in libraries by dif- 55 coloration schemes are particularly valuable in the or- 

ferential hybridization which requires that the mRNA namental flower bearing plants such as chrysanthe- 

of the target genes be expressed more abundantly in one mums, carnations, roses, gerberas, lilies, geraniums, 

tissue than in another. Labelled RNA or cDNA from poinsettias and petunias, 
each tissue is hybridized to replicas of the library and 

tissue specific clones are identified and isolated. Screen- 60 Transformation 

ing can then be used to identify the target gene among The transformation of plants in accordance with the 

the set of tissue specific genes (Kreuzaler et al., (1983) invention may be carried out in essentially any of the 

Proc. Natl Acad, Sci USA 80:2591-2593). various ways known to those skilled in the art of plant 

Antibody screening of expression libraries with anti- molecular biology. See, in general, Methods in Enzymol- 

bodies made against homologous proteins can select 65 ogy Vol. 153 ("Recombinant DNA Part D") 1987, Wu 

nucleic acid sequences which would code for homolo- and Grossman Eds., Academic Press, incorporated 

gous functions. Selection of sequences homologous to a herein by reference. As used herein, the term transfor- 

known flavonoid biosynthetic pathway protein will mation means alteration of the genotype of a host plant 
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by the introduction f a nucleic acid sequence. The acid sequence without its transferring ability being af- 
nucleic acid sequence need not necessarily originate fected. By removing the tumor-causing genes so that 
from a different source, but it will, at some point, have they no longer interfere, the modified Ti plasmid can 
been external to the cell into which it is t be intro- then be used as a vector for the transfer f the gene 
duced. 5 constructs of the invention into an appropriate plant 

In one embodiment, the foreign nucleic acid is me- cell, such being a "disabled Ti vect r°. 
chanically transferred by microinjection directly into All plant cells which can be transformed by Agrobac- 
plant cells by use of micropipettes. Alternatively, the terium and whole plants regenerated from the trans- 
foreign nucleic acid may be transferred into the plant formed cells can also be transformed according to the 
cell by using polyethylene glycol This forms a precipi- 10 invention so as to produce transformed whole plants 
tation complex with the genetic material that is taken up which contain the transferred foreign nucleic acid se- 
by the cell (Paszkowski et al., (1984) EMBO / quence. 

3:2717-22). There are presently at least three different ways to 

In another embodiment of this invention, the intro- transform plant cells with Agrobacterium: 
duced gene .may be introduced info the plant cells by 15 (1) cp-cultivation of Agrobacterium with cultured iso- 
electroporation (Fromm et al., (1985) "Expression of lated protoplasts, 

Genes Transferred into Monocot and Dicot Plant Cells (2) transformation of cells or tissues with Agrobacte- 
by Electroporation," Proc Natl Acad ScL USA rium, or 

82:5824). In this technique, plant protoplasts are elec- (3) transformation of seeds, apices or meristems with 
troporated in the presence of plasmids or nucleic acids 20 Agrobacterium. 

containing the relevant genetic construct. Electrical Method (1) requires an established culture system 
impulses of high field strength reversibly permeabilize that allows culturing protoplasts and plant regeneration 
biomembranes allowing the introduction of the plas- from cultured protoplasts. 

mids. Electroporated plant protoplasts reform the cell Method (2) requires (a) that the plant cells or tissues 
wall, divide, and form a plant callus. Selection of the 25 can be transformed by Agrobacterium and (b) that the 
transformed plant cells with the transformed gene can transformed cells or tissues can be induced to regener- 
be accomplished using phenotypic markers, . ate into whole plants. 

Cauliflower mosaic virus (CaMV) may also be used Method (3) requires micropropagation. 
as a vector for introducbg the foreign nucleic acid into In the binary system, to have infection, two plasmids 
plant cells (Hohn et al., (1982) "Molecular Biology of 30 are needed: a T-DNA containing plasmid and a vir 
Plant Tumors," Academic Press, New York, plasmid. Any one of a number of T-DNA containing 
pp.549-560; Howell, U.S. Pat. No. 4,407,956). The en- plasmids can be used, the only requirement is that one 
tire CaMV viral DNA genome is inserted into a parent be able to select independently for each of the two 
bacterial plasmid creating a recombinant DNA mole- plasmids. 

cule which can be propagated in bacteria. After clon- 35 After transformation of the plant cell or plant, those 
ing, the recombinant plasmid again may be cloned and plant cells or plants transformed by the Ti plasmid so 
further modified by introduction of the desired DNA that the desired DNA segment is integrated can be 
sequence into the unique restriction site of the linker. selected by an appropriate phenotypic marker. These 
The modified viral portion of the recombinant plasmid phenotypic markers include, but are not limited to, 
is then excised from the parent bacterial plasmid, and 40 antibiotic resistance, herbicide resistance or visual ob- 
used to inoculate the plant cells or plants. servation. Other phenotypic markers are known in the 

Another method of introduction of nucleic acid seg- art and may be used in this invention, 
ments is high velocity ballistic penetration by small All plants from which protoplasts can be isolated and 
particles with the nucleic acid either within the matrix cultured to give whole regenerated plants can be trans- 
of small beads or particles, or on the surface (Klein et 45 formed by the present invention so that whole plants are 
al., (1987) Nature 327:70-73). recovered which contain the transferred foreign gene. 

A preferred method of introducing the nucleic acid Some suitable plants include, for example, species from 
segments into plant cells is to infect a plant cell, an the genera Fragaria, Lotus, Medicago, Onobrychis, 
explant, a meristem or a seed with Agrobacterium turne- Trifolium, Trigonella, Vigna, Citrus, Linum, Geranium, 
faciens transformed with the segment. Under appropri- 50 Manihot, Daucus, Arabidopsis, Brassica, Raphanus, 
ate conditions known in the art, the transformed plant Sinapis, Atropa, Capsicum, Hyoscyamus, Lycopersi- 
cells are grown to form shoots, roots, and develop fur- con, Nicotiana, Solanum, Petunia, Digitalis, Majorana, 
ther into plants. The nucleic acid segments can be intro- Ciohorium, Helianthus, Lactuca, Bromus, Asparagus, 
duced into appropriate plant cells, for example, by Antirrhinum, Hererocallis, Nemesia, Pelargonium, Pan- 
means of the Ti plasmid of Agrobacterium tumefaciens. 55 icum, Pennisetum, Ranunculus, Senecio, Salpiglossis, 
The Ti plasmid is transmitted to plant cells upon infec- Cucumis, Browaalia, Glycine, Lolium, Zea, Triticum, 
tion by Agrobacterium tumefaciens, and is stably inte- Sorghum, and Datura. 

grated into the plant genome (Horsch et al., (1984) It is known that practically all plants can be regener- 
"Inheritance of Functional Foreign Genes in Plants," ated from cultured cells or tissues, including but not 
Science, 233:496-498; Fraley et al., (1983) Proc Natl 60 limited to all major cereal crop species, sugarcane, 
Acad. ScL USA 80:4803). sugar beet, cotton, fruit and other trees, legumes and 

Tt plasmids contain two regions essential for the pro- vegetables. Limited knowledge presently exists on 
duction of transformed cells. One of these, named trans- whether all of these plants can be transformed by Agro- 
fer DNA (T DNA), induces tumor formation. The bacterium. Species which are a natural plant host for 
other, termed virulent region, is essential for the intro- 65 Agrobacterium may be transformable in vitro. Al- 
duction of the T DNA into plants. The transfer DNA though monocotyledonous plants, and in particular, 
region, which transfers to the plant genome, can be cereals and grasses, are not natural hosts to Agrobacte- 
increased in size by the insertion of the foreign nucleic rium, work to transform them using Agrobacterium has 
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also been carried out (Hooykas-Van Slogteren et al. t The inbreds according to this invention can be used 
(1984) Nature 311:763-764). Additional plant genera to develop new hybrids. In this method a selected in- 
that may be transformed by Agrobacterium include bred line is crossed with another inbred line to produce 
Chrysanthemum, Dianthus, Gerbera, Euphorbia. the hybrid. 

Pelaronium, Ipomoea, Passiflora, Cyclamen, Mai us, 5 Parts obtained from the regenerated plant, such as 
Prunus, Rosa, Rubus, Populus, Santalura, Allium, flowers, seeds, leaves, branches, fruit, and the like are 
Liliura, Narcissus, Ananas, Arachis, Phaseolus and covered by the invention, provided that these parts 
Pisum. comprise cells which have been so transformed. Prog- 

eny and variants, and mutants of the regenerated plants 
Regeneration i 0 m also mc i u d e d within the scope of this invention, 

Normally, regeneration will be involved in obtaining provided that these parts comprise the introduced 
a whole plant from the transformation process. The DNA sequences. Progeny and variants, and mutants of 
term "transgenote" refers to the immediate product of the regenerated plants are also included within the 
the transformation process and to resultant whole trans- scope of this invention, 
genie plants. 15 Vectors 

The term "regeneration" as used herein, means grow- 
ing a whole plant from a plant cell, a group of plant Selection of an appropriate vector is relatively sim- 
cells, a plant part or a plant piece (e.g. from a protoplast, pie, as the constraints are minimal. The apparent mini- 
callus, or tissue part). mal traits of the vector are that the desired nucleic acid 
Plant regeneration from cultural protoplasts is de- 20 sequence be introduced in a relatively intact state. Thus, 
scribed in Evans et al., "Protoplasts Isolation and Oil- any vector which will produce a plant carrying the 
ture," Handbook of Plant Cell Cultures 1:124-176 (Mac- introduced DNA sequence should be sufficient. Also, 
Millan Publishing Co. New York 1983); M.R- Davey, any vector which will introduce a substantially intact 
"Recent Developments in the Culture and Regenera- RNA which can ultimately be converted into a stably 
tion of Plant Protoplasts," Protoplasts, (1983)— Lecture maintained DNA sequence should be acceptable. 
Proceedings, pp. 12-29, (Birkhauser, Basal 1983); P.J. Even a naked piece of DNA would be expected to be 
Dale, "Protoplast Culture and Plant Regeneration of able to confer the properties of this invention, though at 
Cereals and Other Recalcitrant Crops," Protoplasts low efficiency. The decision as to whether to use a 
(1983)— Lecture Proceedings, pp. 31-41, (Birkhauser, 3Q vector, or which vector to use, will be guided by the 
Basel 1983); and H. Binding, "Regeneration of Plants," method of transformation selected. 
Plant Protoplasts, pp. 2 1-73, (CRC press, Boca Raton If naked nucleic acid introduction methods are 
1985). chosen, then the vector need be no more than the mini- 
Regeneration from protoplasts varies from species to mal nucleic acid sequences necessary to confer the .de- 
species of plants, but generally a suspension of trans- 35 sired traits, without the need for additional other se- 
formed protoplasts containing copies of the exogenous quences. Thus, the possible vectors include the Ti plas- 
sequence is first made. In certain species embryo forma- mid vectors, shuttle vectors designed merely to maxi- 
tion can then be induced from the protoplast suspen- mally yield high numbers of copies, episomal vectors 
sion, to the stage of ripening and germination as natural containing minimal sequences necessary for ultimate 
embryos. The culture media will generally contain van- 40 replication once transformation has occurred, and viral 
ous amino acids and hormones, such as auxin and cyto- vectors, including the possibility of RNA forms of the 
kinins. It is sometimes advantageous to add glutamic gene sequences. The selection of vectors and methods 
acid and proline to the medium, especially for such to construct them are commonly known to persons of 
species as corn and alfalfa. Shoots and roots normally ordinary skill in the art and are described in general 
develop simultaneously. Efficient regeneration will 45 technical references (Methods in Enzymology, supra), 
depend on the medium, on the genotype, and on the However, any additional attached vector sequences 
history of the culture. If these three variables are con- which will confer resistance to degradation of the nu- 
trolled, then regeneration is fully reproducible and re- cleic acid fragment to be introduced, which assists in 
peatable. the process of genomic integration or provides a means 
Regeneration also occurs from plant callus, explants, 50 to easily select for those cells or plants which are actu- 
organs or parts. Transformation can be performed in the ally, in fact, transformed are advantageous and greatly 
context of organ or plant part regeneration. See, Meth- decrease the difficulty of selecting useable transgenotes. 
ods in Enzymology, supra; also Methods in Enzymology, 

Vol. 1 18; and Klee et al., (1987) Annua! Review of Plant Selection 

Physiology, 38:467-486. 55 Selection of transgenotes for further study will typi- 

In vegetatively propagated crops, the mature trans- cally be based upon a visual assay, but may involve 
genie plants are propagated by the taking of cuttings or biochemical assays of either enzyme activity or product 
by tissue culture techniques to produce multiple identi- quantitation. Transgenotes will be grown into plants 
cal plants for trialling, such as testing for production bearing the plant part of interest and the flavonoid gene 
characteristics. Selection of desirable transgenotes is 60 activities will be monitored by visual appearance or 
made and new varieties are obtained thereby, and prop- biochemical assays (Northern blots, see, Maniatis (be- 
agated vegetatively for commercial sale. low); Western blots, see, Ausubel (below); enzyme as- 

In seed propagated crops, the mature transgenic says and flavonoid compound assays, including spec- 
plants are self crossed to produce a homozygous inbred troscopy, see, Harborne et al., (Eds.), (1975) The Flavo- 
plant. The inbred plant produces seed containing the 65 noids, Vols. 1 and 2, [Acad. Press]). Appropriate plants 
gene for the newly introduced foreign gene activity will be selected and further evaluated, 
level. These seeds can be grown to. produce plants that The following experimental section is offered by way 
would produce the selected phenotype. of example and not by limitation. 
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ing vector pUC18, so pcPEl is listed in the middle of 

EXPERIMENTAL the circle ^ pUC j 8 ^ m ^ bottom. The restric- 

In general, preparation f plasmid DNA, restriction tion enzymes listed by the drawn circles indicate which 

enzyme digestion, agar se gel electrophoresis of DNA, enzymes were used t digest the plasmids and an arrow 

Southern blots, DNA ligation and bacterial transforma- 5 indicates that a ligati n reaction took place. Antibiotic 

tion were carried ut using standard methods. (Maniatis resistant genes that were used to select the clones are 

et.al., Molecular Cloninq, a Laboratory Manual Cold indicated inside the circles. 

Spring Harbor Laboratory (1982), referred to herein as The EcoRI fragment containing the complete coding 

"Maniatis" arid hereby incorporated by reference). sequence for chalcone synthase protein was recloned 

Western blots and other standard molecular biology 10 mto the EcoRI site of plasmid pUC119 (Viera and 

techniques are also described in Ausubel et al., (1987) Messing, In Methods in Enzymology. 153(2) eds. Wu and 

Current Protocols in Molecular Biology, Vols. 1 and 2, Grossman, San Diego, pp.3-1 1, 1987) by digesting both 

and hereby incorporated by reference. plasmids with EcoRI, ligation, and transformation into 

EXAMPLE 1 competent K coli strain DH-1. A plasmid which con- 

13 tained pUC 119 and the EcoRI chalcone synthase frag- 

Plant Transformation Procedures mcnt was idcnt if ie d by restriction mapping and was 

In the following examples, reagent materials are com- designated plasmid p6010. Plasmid p6010 was trans- 
mercially available, unless otherwise specified. En- formed into competent E coli strain BW3 13 and single 
zymes used in the cloning procedures are available from stranded DNA containing uracil was isolated (Viera 
commercial sources. All restriction endonuclease reac- 20 and Messing, ibid.). A 26 base synthetic primer com- 
tions are carried out according to manufacturer instruc- posed of the sequence, 5 '-CTTTTTTCTAGTTA Ac- 
tions. Unless otherwise specified, the reaction condi- CATGGTGACT-3', and a 24 base synthetic primer 
tions for other reactions are standard conditions used in composed of the sequence, 5'-CTACTTAGT- 
the art, as described, for example, in Maniatis. Luria (L) GGATCCGGCTTATAT-3', were synthesized on an 
agar and Minimal A (MinA) agar and broth are de- 25 Applied Biosystems 381A DNA synthesizer using the 
scribed in J. H. Miller, Experiments in Molecular Genet- solid phase phosphotriester method. The 26 base primer 
ics. Cold Spring Harbor Laboratory, New York (1972) was US€d t0 introduce two new restriction sites, Hpal 
(referred to herein as "Miller" and hereby incorporated ^ NcoI) at the begmning of the coding sequence. The 
by reference). Transformations of competent Escher- NcoI she overlappcd ^ ATG start codon of the chal- 
ichia coli strain DH-1 were performed according to 30 ^ ^ ^ would be ^ for Qtcr fusions 
Maniatis. Plasmid DNA was prepared by alkaline ex- ^ ^ strategy . ^ 24 base primer 
traction according to Maniatis (referred to herein as ^ ^ tQ a BamHI site that over i appcd the 
-mim-prep DNA » or ' Wprep technique ) Site spe- translation stop codon ^ wou i d * used later in 
ofiri^ 35 construction stra^ 

5:(8) f 78^791, except E coli strain BW313 (dut^q) 1™ to ^^T^Th S M^vfV iVZ 
was used to produce uracu«ontaining single stranded synthesized, ^uble stranded DNA (dsDNA) was syn- 
DNA. in vitro synthesized double strinded DNA was thcs * ed «JB tm> primers and transformed mto 
transformed into £ coli strain DH-1, and the Klenow competent ^ coli strain DH-1. Ampicillin resistant col- 
fragment of DNA polymerase I was used for the second 40 omes were screened using mmi-prep DNA for new 
strand synthesis which was incubated overnight at Hpal and ^Ncol restriction sites that mapped at the be- 
room temperature ginning of the gene and a BamHI site that mapped at the 

Antibiotics are abbreviated as follows: Ap is ampicil- end of the gene. The plasmid that fulfilled this ; and I fur- 

Iin, Km is kanamycin, Rif is rifampicin and Tc is tetra- ^er mapping criteria was designated as plasmid p5571. 

cycline. Micrograms are referred to herein as ug and 45 The next step in the construction strategy served to 

milliliters are referred to as ml. Microliter are referred * *5S Cauliflower Mosaic Vims (herem called 

to ^ CaMV 35S promoter in the text and p35S in the figure) 

to the beginning of the chalcone synthase coding se- 

Creation of Agrobacterium Tumefaciens quence and a poly-adenylation signal sequence to the 

LBA4404/p5972 and p7506 ^ end of the coding sequence. Plasmid pJJ2104 is de- 

The plasmid pcPEl was obtained from H. Reif, Max scribed in Harpster et al., (1988) Mol Gen. Genei 
Planck Institut, Koln. This plasmid contained a nearly 212:182-190, and was used as the source of the CaMV 
full length Petunia hybrida chalcone synthase cDNA 35S promoter and poly-adenylation signal sequence, 
clone as an EcoRI fragment The construction strategy This plasmid has a modified CaMV 35S promoter con- 
that led to the construction of the binary vectors p5972 55 tained within a Bglll and NcoI fragment. The CaMV 
and p7506 which were used for the reintroduction and 35S promoter within plasmid pJJ2104 is fused to the 
expression of this chalcone synthase gene into target untranslated leader sequence of the photosynthetic 22L 
plants is shown in FIG. 1. The plasmids shown in this chlorophyll a/b binding protein (here in called 
strategy are labeled with only the relevant restriction "Cab22L") to increase transcriptional efficiency (see 
sites used either in the construction procedure or dis- 60 above reference). The polyadenylation signal sequence 
cussed in the text The plasmid numbers in the middle of is from the nopaline synthase gene (Depicker et al., 
the circles in the figure are the actual number designa- (1982) Mol Appl Genet 1(6): 56 1-573), and is contained 
tions given to the plasmids in the construction strategy. within a BamHI and Hindlll fragment in the plasmid 
The plasmid number in the lower bottom of the circles pJJ2104. 

refers to the cloning vector that gave rise to the relevant 65 Plasmid p5571 DNA was isolated and cleaved to 

clones. For example the first plasmid listed in the strat- completion with BamHI and then cleaved with NcoI 

egy is pcPEl. This clone resulted from a ligation of an under conditions to give a partial, incomplete digestion 

EcoRI fragment into the commercially available clon- of the DNA because a second NcoI site lies within the 
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chalconc synthase coding sequence. The DNA was fragment. Further restriction digestions were per- 
subjected to electrophoresis through 0.5% low melt formed to confirm the identity of the resulting plasmids. 
agarose in standard Tris-Acetate EDTA buffer (de- The ligation product of pJJ3942 containing the insert 
scribed in Maniatis) with ethidium bromide at 0.5 ug/ml was designated as plasmid p5972 and the ligation prod- 
incorporated into the agarose. The gel was examined 5 uct of pAGS502 containing the insert was named plas- 
briefly under medium length ultraviolet light using a mid p7506. 

transilluminator (wave length 312 nm) and a band cor- Plasmids p5972 and p7506 were mobilized (trans- 
responding to the length (approximately 1200 base ferred) separately to Agrobacterium tumefaciens strain 
pairs) of the chalcone synthase coding sequence was LBA4404 (Ooms et al., (1981) Gene 14:33-50). A tripar- 
excised from the gel. The gel fragment was weighed to 10 ental mating procedure using R coli strain DH-1 carry- 
determine the volume and brought to 0.3 M sodium ing p5972 or p7506 (both tetracycline resistant), R coli 
acetate. The equilibrated agarose was heated to 65 de- HB101 carrying plasmid pRK2013 (kanamycin resis- 
grees for the 10 minutes and then extracted with an tant) (Ditta et al. f (1980) Proc Natl Acad ScL USA 
equal volume of phenol saturated with 0.1 M Tris-HCl, 77:7347-7351) and A, tumefaciens strain LBA4404 (ri- 
pH 8. The aqueous phase was removed and extracted 15 fampicin resistant) was set up. The two K coli strains 
twice wit a chloroform-isoamyl alcohol (24:1) mixture were grown up overnight on L agar (see Miller) con- 
and the DNA was then precipitated from the aqueous taining the appropriate antibiotics. The A. tumefaciens 
solution. (All the above techniques were used according was grown up overnight in MinA broth (see Miller) 
to standard conditions as described in Maniatis.) This with no selection. One ml of the A. tumefaciens culture 
eluted fragment was combined with plasmid pJJ2104 20 was pipetted into a sterile microcentrifuge tube and 
which was cleaved to completion with Ncol and spun in a microcentrifuge for 2 minutes to pellet the 
BamHI and a ligation reaction was set up and incubated cells. The supernatant was removed and 100 ul of fresh 
for one hour at room temperature and the reaction MinA broth was added to resuspend the pellet. A small 
products subsequently transformed into competent R amount of the R coli cells from each of the overnight 
coli strain DH-1. Plasmid DNA was screened with re- 25 cultures was scraped off the petri dish and spread to- 
striction enzymes to identify the appropriate plasmid gether onto a fresh L agar plate (no antibiotics). The 
containing the 35S CaMV promoter, the chalcone syn- amount of area covered by the cells was approximately 
thase coding sequence, and the poly-adenylation signal 2 cm square. Each amount of R coli cells was approxi- 
sequence. The plasmid p5634 was identified and sub- mately equal to the amount of A. tumefaciens cells that 
jected to restriction digestion to confirm that the plas- 30 was collected from 1 ml of culture. The 100 ul of resus- 
mid was the correct one. pended A. tumefaciens cells was added on top of the 
Two different binary vectors were used in the con- spread R coli cells and mixed to form a conjugation 
struction strategy. Plasmids pJJ3942 and pAGS502 are patch. This petri dish was incubated overnight at room 
both based on the broad host range cloning vector temperature. 

pRK290 (Ditta et al., (1980) Proc Natl Acad. ScL USA 35 On the following day approximately one-fourth of 
77:7347-7451) and contain a Neomycin Phosphotrans- the cells was removed from the conjugation patch and 
ferase II coding sequence fused at the 5' end to a nopa- these cells were streaked for single colonies using an L 
line synthase promoter and at the 3' end to an octopine agar plate containing 100 ug/ml rifampicin and 1.2 
synthase poly-adenylation signal sequence between the ug/ml tetracycline. The procedure was repeated four 
left and right TDNA borders (van den Elzen et al., 40 times and resulted in all of the conjugation patch 
(1985) Plant Mol Biol 5:141-154). Piasmid pAGS502 streaked onto four separate plates. These plates were 
contains a polylinker with cloning sites for BamHI, incubated in the dark at room temperature until colonies 
Xbal, Hindlll, Xhol, EcoRI and Hpal for insertion of begin to appear (approximately 3-5 days). Isolated colo- 
fragments near the TDNA right border. Plasmid nies were streaked for single colonies on MinA agar 
pJJ3942 contains Hindlll, BamHI, and Hpal as unique 45 plates containing 1.2 ug/ml tetracycline. The plates 
cloning sites near the right border. An enhancer-like were incubated for two days at 28.C. A petri dish con- 
sequence from the 35S CaMV promoter is contained taining MinA agar supplemented with 1.2 ug/ml tetra- 
between the BamHI and Hpal sites. This fragment cycline was divided into eight equal parts of a circle and 
spans the sequences between positions —45 and —200 eight well isolated single colonies were streaked indi- 
of the 35S CaMV promoter to give approximately 200 50 vidually onto sections of the petri dish. This plate was 
bases of sequence upstream from the TATAA box. grown up overnight at 28* C. Three-fourths of the cells 
The entire 35S CaMV promoter, the chalcone syn- from each of the eight sections were removed from the 
thase coding sequence and the nos poly-adenylation agar using a sterile toothpick and the DNA isolated 
signal sequence are contained within a Bglll and Hin- from these cells using the mini-prep technique. Each of 
dill fragment in plasmid p5634. Plasmid p5634 was 55 the DNAs from these eight preparations was trans- 
digested to completion with Bglll and Hindlll. Two formed individually into competent R coli strain DH-1 
different binary vectors, pJJ3942 and p AGS 502, were and tetracycline resistant colonies were isolated. One 
digested to completion with BamHI and Hindlll and colony from each R coli transformation was grown up 
each was used in separate ligation reactions with plas- and the DNA isolated using the mini-prep technique, 
mid p5634 digested with Bglll and Hindlll. The 5'- 60 The DNA was subjected to restriction enzyme analyses 
overhangs generated by the enzymes Bglll and BamHI to confirm that the DNA was the original binary clone 
can ligated together but not recleaved by either en- that was transferred to A. tumefaciens LBA4404 via the 
zyme. The ligation reactions were transformed into triparental mating, 
competent E. coli strain DH-1 and tetracycline resistant . 
colonies were isolated. DNA was isolated using the 65 nant ™stonnation 
mini-prep technique and screened with the appropriate Petunia hybrida varieties: Pink Cascade was obtained 
restriction enzymes to isolate pJJ3942 and p AGS 502 from Dr. Michael Reid, Dept. of Environmental Horti- 
derivative plasmids that accepted the Bglll and Hindlll culture, University of California, Davis; R18 and V26 
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were obtained from Dr. Anton Gerats, Dept. of Genet- among progeny (because Pink Cascade is a hybrid van- 

ics, Free University, Amsterdam. Petunia hybrida ety, the progeny are genetically heterogenous), 

plants were grown from surface-sterilized seed on ster- EXAMPLE 3 
ile solidified agar medium f 1/ 10 the concentration f 

medium MS of Murashige supplemented with 0.5% 3 Novel Derivatives of the R18 Variety Transformed 
sucrose. After germination, seedling t ps were excised with p5972 
by cutting in the hypocotyl region and transferred to Variety R18 produces solid, pale pink flowers. Cells 
MS with 3% sucrose. Plants were maintained at 28* C t h c R18 variety were transformed with p5972 to 
under "cool white" fluorescent light at 4-5000 lux, produce 14 plants. Nine plants produced flowers with 
1 6h/day. the normal light pink color of R 1 8 flowers. The flowers 
About six weeks after planting (day 0), leaves were 0 f f lve plants had novel patterns. One plant gave pink 
excised, cut with a scalpel blade into pieces about 5mm radial stripes on a solid white background. Another 
square and inoculated with A. tumefaciens that had been g ave mainly pure white flowers, but one flower had 
grown overnight in MinA medium supplemented to ^ some pm k wedge similar to wedges oh CS 18202. The 
0.2% glucose (medium described by j.H. Miller (1972) third gave occasional white wedges at petal junctions 
Experiments in Molecular Genetics, Cold Spring Harbor on a solid pink background. The fourth gave a mixture 
Laboratory, New York) and adjusted to 0.1-0.2 A550 of pure white flowers and pink with white radial stria- 
units. Inoculated leaf pieces were placed on incubation tions (a star-like pattern). The last gave white flowers 
medium [basal MS medium (MS +3% sucrose +B5 2Q with pink wedges at the outer margins of petals, 
vitamins) +75-100uM acetosyringone, lmg benzylade- up . - . 
nine (BA) per liter, and 0.2 mg indoleacetic acid WAMrU14 
(IAA)/l]for two days in a sterile transfer hood at room Novel Derivatives of the V26 Variety Transformed 
temperature (approx 22 # C). On day 2, 25-30 ml of with p5972 and p7506 
liquid basal MS medium + cefotaxime (500 «ng/T) was 25 y&ri y26 solid| dccp flowcrs . 
added to the plates. Plates were then swirled at 70-100 CeUs from thft y26 varjety WCfC transformed wit h 
rpra for 30-60 min. Leaf pieces were transferred with p59?2 tQ producc 37 plants . Twenty-eight plants pro- 
the upper epidermis facing up on selection medium duced nowm c0 \ 0Ted the same as the V26 parent 
(basal MS +BA (lmg/1), IAA 0.2 mg/1, vancomycin Seyen plants hfld flowcrs with novcl patte rns; two 
(100mg/l)). The plates were sealed with parafilm and 30 lants produced purc white flowers. Three plants had 
incubated at 24* C. under moderate hght (3000-5000. igmcnted wedges at petal margins simUar to CS18202. 
lux). On day 14, leaf pieces were transferred to fresh Qnc h&d mostly pure whitc flowerS( but some flowers 
selection medium. On day 28, calli were excised from had smglC( smaU (3mm) whitft spQts plant gavc 
leaf pieces and transferred to fresh selection medium flowcrs having a beautiful "Cossack dancer" pattern, 
and shoots were excised and transferred to hormoneless 35 ^ a modified radialf sta r-like pattern. Two plants gave 
medium [basal MS + vancomycin (I00mg/1) and kana- flowers with a somewhat irregular, blotchy pattern of 
mycin (100mg/l)]. On day 42 and following, shoots whitc and purpk patches . thesc fl 0WC rs f though irregu- 
were excised from calli and transferred to hormoneless Iar> Jooked ^ the dancer pattern, 
medium. After shoot elongation, shoots were excised from ^ V26 variety werc trans f 0 rmed with 
and dipped in naphthalene acetic acid (NAA) (0.1mg/l) 40 ^ 5Q6 tQ producc 20 plants Seventeen plants produced 
for root development. After rooting, plantlets were flowcrs colored the same as the V26 parent. Three 
transplanted to soil and grown in a greenhouse. lants produced flowers with color patterns. One plant 
The chimeric CHS gene in p5972 and p7506 was produced fl owers with occasional small white spots, 
introduced into several varieties of Petunia: (1) a hybrid Qne - ^ produccd onc floW er with a white tube, while 
variety called "Pink Cascade", (2) an inbred, R18, and « thc Qther flowers werc similar t0 the V26 parent . One 
(3) an inbred, V26. (See, examples 2-4) plant had flowcrs which exhibited nearly randomly 
EXAMPLE 2 distributed but sharply defined blotches. 

■ ^ , _ Several transgenotes with white or patterned flowers 
Novel Derivatives of Pink Cascade Petunia ^ wefC crQSScd %Q V26 ^ pr0 g Cn y of a white trans- 
Pink Cascade produces solid pink flowers. Leaf ex- genote produced violet and white flowers in approxi- 
plants from the Pink Cascade variety were transformed mately a 1:1 ratio, as expected for a single gene. The 
withp5972. Six whole plants (CS 18201 through 18206) progeny of plants with patterned flowers were also 
were produced. All had novel flowers. CS18201, 18203, patterned or sometimes pure white. Not all plants were 
and 18206 gave pure white petal limbs, petal tubes and 55 identical in flower color intensity or pattern. The pene- 
anthers. CS18202 and 18205 gave flowers with a color trance of the flower color phenotypes was complete in 
pattern: pink wedges at the outer margin of and in the the progeny populations of some transgenotes and in- 
center of petal limbs with the rest of the flower pure complete in others, i.e., the segregation ratio of solid 
white (some flowers on this plant were solid pure white, violet to patterned or solid white was significantly 
other flowers had this pattern). CS 18204 flowers were a 60 greater than 1 (for incomplete penetrance). 

light, blotchy pink. vr<51R?fW : npU ^ 17 ANALYSES ON PETUNIA HYBRIDA 

p^rrL^^^ TRANSGENIC PLANTS 

plants with novel color patterns similar t the patterns RNA Analyses: The steady state levels of both en- 

of CS 18202, but with smaller pigmented sectors on 65 dogenous (wild type) and introduced (35S CaMV 

lower petals than upper petals in some progeny. Thus, driven) chalcone synthase messenger RNA were ana- 

the production of novel color patterns by the intro- lyzed in petunia petal using RNase protection analyses 

duced gene is heritable, but the pattern itself may vary (protocol is titled RNA Transcription, available from 



State 


Length 


Pigmentation & Morphology 


1 


15 mm 


no pigmentation (veins only) 


2 


30 


slight flush of light purple around 






veins 


3 


4° 


definite pigmentation from 






outer surface 


4 


S3 


deeper pigmentation, fully extended, 






still closed 


5 


58 


fully pigmented, just starting to 






open 


6 


nd* 


freshly mature, fully expanded 


•nd; not determined 
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Stratagene, 1 1099 North Torrey Pines Road, La Jolla, ent. The relative levels of the endogenous chalcone 
Calif.). synthase message followed a similar developmental 

Petals of six different developmental stages were first profile as seen for wild-type plants; however, the over- 
harvested from non-transformed V26 petunia plants and all message levels were substantially reduced, as ob- 
from ne transgenic V26 which had white flowers 5 served by visual inspection, in each stage from the lev- 
(plant #21838). These stages were defined according to e i s see n in the wild-type V26 plant. In contrast to the 
total petal length, degree of pigmentation, and morphol- wild type chalcone synthase message, the chalcone 
°8 V: synthase message from the introduced 35S CaMV pro- 

moter was present at a fairly constant low level 
10 throughout each developmental time point. This result 
demonstrates that the introduced CHS gene had the 
effect of vastly depressing the steady state level of en- 
dogenous CHS mRNA. 

15 PROTEIN ANALYSES 

Antibodies were raised in a rabbit against chalcone 
synthase by injecting the rabbit with a fusion protein 
made in E. coli This fusion protein consisted of wild 
type betagalactosidase gene with the entire coding se- 
quence of chalcone synthase ligated in-frame to the 3' 
_ A . , ^ L t , ...... end of betagalactosidase (Ruther and Miller-Hill (1983) 

RNA was isolated from the above desenbed develop- RMBQ y 2 :(10):179M794). Immune antiserum from 
mental stages for both wild type V26 and transgenic ^ ^ was used fa Westem anal tQ evaluate 
plant #21838. One flower of each stage except stage 1 wild md transformed tunia ^ Western anal . 
was sufficient tissue for extracting RNA For stage 1, 25 ig ^ QUt accordi ^manufacturer's in- 

eight to ten flowers were combined for the procedure. ^ ^ proto w * em from p a 

Petal tissue was frozen in liquid nitrogen and ground to , . . . A ,. r, , . A ° . 

^ e . * u .„ , Biotec; but similar techniques are desenbed in Ausubel 

a fine powder in liquid nitrogen using a pre-chilled . ! v n 

mortar and pestle. The tissue was added to 1 ml phenol e „ *' } s . u ^ ra il , , - . " 
saturated with 0.1 M Tris-HCl, pH 7.5 and 4 ml buffer 30 £ otem extr f c * wc ^ ff^f Jf om ^ 1 and 
(100 mM Nad, 10 mM Tris-HCl, pH 7.5, 1 mM EDTA, wmte segregants (desenbed above). The same develop, 
1% SDS) and the contents mixed. One ml of chloro- mental stages ? de f nbed abovc 7fe used. Petal tissue 
form: isoamyl alcohol mixture (24:1) was added and the was f ? ozcn m h 1 md nitr0 * en and ih ™ ^ ound t0 a 
contents mixed again. The aqueous phase was trans- P owder u * in * a mon ™ ™* The fr0 . zen P™ der 
ferred to a clean tube and extracted a second time with 35 was ?™5*? ed '° \ glass tissue homogenizer and ex- 
fresh chloroform: isoamyl alcohol mixture. The aque- traction bufTer (50 mM sodium phosphate buffer pH 7.0 
ous phase was transferred to a clean tube, an equal 1 mM dithiothreotol, 0.1% Tnton X-100, 1 mM EDTA) 
volume of 4 M lithium acetate was added and the con- was ^ t0 homogenize the tissue. Protease inhibitors 
tents of the tube were placed on ice for three hours. The were added to flnal concentrations of 1 mM phenylme- 
RNA was pelleted by centrifugation and the superna- 40 thysulfonyl fluoride and 0.2 mM Leupeptin. Cell debris 
tant was removed. The pellet was dissolved in sterile was removed by centrifugation and the protein content 
water, the solution was brought to 0.3 M sodium acetate of xht supernatant was determined using the Bradford 
and 2.5 volumes of ethanol were added to precipitate assa y (Bradford (1976) Anal Biocherru 72:248-254). 
the RNA. The RNA pellet was dissolved in 100 ul of Seventeen ug of protein for each sample was loaded 
sterile water and the concentration of RNA was deter- 45 onto an 8% polyacrylamide SDS gel. 
mined spectrophotometrically. Western analysis of purple flowered progeny showed 

Five ug of RNA was used for each protection assay. that CHS protein was present in the petal extract of all 

A 160 nucleotide, radiolabelled anti-sense cab22L-CHS developmental stages. The amount of CHS protein 

RNA was transcribed in vitro, used as a probe in the appeared to be the same for stages 1 and 2, increased in 

protection assays and annealed to the petal RNAs, all as 50 stage 3, stayed approximately the same for stages 3, 4 

described in the Stratagene protocol. After incubation and 5 and decreased slightly for stage 6. Western analy- 

with single strand specific ribonucleases RNase A and sis of white flowered progeny showed that, in compari- 

RNase Tl, two different protected fragments will re- son to the purple flowered progeny, barely detectable 

main, a 94 nucleotide fragment representing the endoge- CHS protein was seen in stage 1 and appeared to be 

nous CHS mRNA and a 160 nucleotide fragment repre- 55 more reduced in stages 2, 3, 4, 5 and 6. These analyses 

senting the introduced chalcone synthase transcript showed that while CHS protein could be easily de- 

An autoradiogram of the RNase protection assays for tected in protein extracts from purple flowered prog- 
all six stages of wild-type V26 petunia petal RNAs eny, in protein extracts of white flowered progeny CHS 
showed that the chalcone synthase protection fragment protein was reduced to levels where it was barely de- 
was most abundant in stage 3 and stage 4. From this 60 tectable. 

experiment it was determined that the endogenous CHS _ T - a m a t vote ™? i?t a 
mRNA is present in petals at all developmental stages TLC ANALYSIS OF FLAVONOIDS 
examined, gradually increasing in abundance up to Thin layer chromatography (TLC) was done to corn- 
stage 4 and then declining to almost undetectable levels pare flavonoid synthesis in white versus purple flowers 
in the mature petal. 65 from progeny of the cross #21838 XV26. Mitchell 
RNase protection assays on transgenic plant #21838 petunia flowers were used as a negative control for 
showed that protection fragments for both the endoge- anthocyanin synthesis and a positive control for flavo- 
nous and the introduced chalcone synthase were pres- noid synthesis. Flowers of three different lengths were 
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used as follows: Mitchell (33mm, 43mm, 65mm) f purple 
(33mm, 42mm, 55mm) and white (35mm, 49mm, 
57mm). The tubes were assayed separately from the 
limbs. Tissue was added to 1.0 ml of 2 N HC1, allowed 
to stand for 2 hours at room temperature and then hy- 
drolyzed f r 20 minutes at 100' C. The supernatant was 
transferred to a clean tube and 200 ul of isoamyl alcohol 
was added. The samples were vortexed for at least five 
seconds and the two phases allowed to separate. Sam- 
ples were spotted onto a cellulose TLC plate in four 
separate applications with drying between applications. 
Two identical plates were set up and run in two differ- 
ent solvent systems; acetic acid/36% HCl/water 
(30:3:10) and isopropanol/2N HC1 (1:1). The two sys- 
tems discriminate between the anthocyanins. The pur- 
ple progeny flowers produced both anthocyanins and 
flavonols. The Mitchell flowers produced flavonols and 
little or no anthocyanins. The white progeny flowers 
produced little or no anthocyanins and little or no flavo- 2 q 
nols of the type produced by the normal purple flowers. 

All publications and patent applications mentioned in 
this specification are indicative of the level of skill of 
those skilled in the art to which this invention pertains. 
All publications and patent applications are herein in- 25 
corporated by reference to the same extent as if each 
individual publication or patent application was specifi- . 
cally and individually indicated to be incorporated by 
reference. The invention now being fully described, it 
will be apparent to one of ordinary skill in the art that 30 
many changes and modifications can be made thereto 
without departing from the spirit or scope of the claims. 

We claim: 



1. A method for modifying petunia flower color pat- 
tern comprising altering flower pigment production by 
transforming a petunia cell with a disabled Ti plasmid of 
Agrobacterium tumefaciens. wherein said disabled Ti 
plasmid comprises a substantially full length coding 
region f a chalcone synthase (CHS) gene segment 
which is operably linked t a promoter such that sense 
transcripts are produced, and wherein the segment is 
substantially homologous to an endogenous CHS gene 
and when transcribed in the transgenote is capable of 
effecting the flower color pattern modification. 

2. A method for modifying color pattern in a flower 
of a petunia plant having an endogenous chalcone syn- 
thase (CHS) gene, the method comprising, 

growing whole plant transgenotes from a cell, said 
transgenotes transformed with a recombinant nu- 
cleic acid sequence comprising a substantially full 
length coding region of a CHS gene segment oper- 
ably linked to a promoter, wherein the segment is 
linked to the promoter such that sense transcripts 
are produced, the segment being substantially ho- 
mologous to the endogenous CHS gene and when 
transcribed in the transgenote being capable of 
effecting the flower color pattern modification; and 

selecting a plant exhibiting the modified flower color 
pattern. 

3. A method of claim 2 wherein the promoter is con- 
stitutive. 

4. A method of claim 2 wherein the promoter is a 
cauliflower mosaic virus 35S promoter. 

5. A method of claim 2 wherein the promoter is heter- 
ologous. 
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ABSTRACT 



Process for the inhibition of two or more target genes which 
comprises introducing into the plant a single control gene 
which has distinct DNA regions homologous to each of the 
target genes and a promoter operative in plants adapted to 
transcribe from such distinct regions RNA that inhibits 
expression of each of the target genes. Constructs suitable 
for use in the process, as well as cells and plants containing 
such constructs are disclosed. Specific examples relate to the 
pectinesterse and polygalacturonase genes. 

8 Claims, 5 Drawing Sheets 
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CO-ORDINATED INHD3ITION OF PLANT spacer region (preferably relatively short) provided such 

GENE EXPRESSION spacer region does not contain a transcription stop signal. 

The RNA transcribed from this single gene will contain 

This invention relates to novel DNA constructs, plant regions homologous to the RNA transcribed from the two or 

cells containing the constructs and plants derived therefrom. 5 more ,ar g et genes. 

In particular it involves the use of recombinant DNA tech- The present invention further comprises novel cells and 

nology to control, and more specifically to inhibit, the plan's adapted to carry out the process of the mvention, or 

expression of two or more genes in plants. wnich ( or ancestors of which) have been transformed with 

the constructs of the invention. 

BACKGROUND OF THE INVENTION io The use of DNA constructs according to the invention 

Plant development is a complex physiological and bio- ° ffers f ve f ral advantages over alternative, more complex 

chemical process requiring the co-ordinated expression of methods of Swerving plants expressmg homologous RNA 

many genes. The production of new plant varieties with to two or more mdiv.dual target genes: 

improved agricultural or commercial qualities can be Plants can be generated from a single round of transfer- 

achieved by modifying this coordinated pattern of gene 15 mation thereby ehm.natmg the extra t.me and complexity of 

expression. Such modifications have been achieved by con- multiple rounds of transformation. 

ventional plant breeding techniques. However, the exact 2 - ^ ui * of a g ene wU1 ensure that RN £ b ? mol °- 

changes in gene expression that result in the production of g ous t0 th « *""> or more , tar g et f en <f * traiiscribed at the 

the improved variety have not been readily characterised. r f te - Otherwise multiple individual homologous genes 

More recently, recombinant DNAtechniques have been used 20 located 10 a sm g> e °° n f mct mav have dlfferent transcription 

to modify the expression patterns of individual, specific rates m transformed plants. 

plantgeneswithoutdirectlyaffectingtheexpressionofother 3 - ^ segregation patterns of a single, multiple-function 

plant genes. In this way, the expression pattern of an gene m progeny of a transformed plant wiU be simpler than 

individual gene can be either enhanced or inhibited either in the segregation patterns of multiple, smgle-function genes 

the whole plant or in specific tissues or developmental 25 that have been combined m the same plam, either by sexual 

r crossing or multiple transformation. This will have signin- 

s , ......... . . cant benefits for subsequent plant breeding. 

The inhibition of specific individual plant genes has been ^ lQ wnich , he m mvention can be applied 

achieved by the introduction into the plant of novel genes indude al , . { for which there is an advantage in 
designed to express RNA homologous, m part, to the endog- JQ down . regulating their activity. In particular the invention 
enous plant gene. In several cases, it has been demonstrated can be ^ tQ mvolved ^ ^ development or 
that expression of the target gene can be inhibited by two ri p ening . re i ated processes of commercially important fruit- 
different strategies. These involve the introduction of spe- bg . ..^ ^ rticular tomato could mvolve 
cific genes designed to express either antisense or sense combinations of of the genes enco dmg: cell wall hydro- 
RNA. A typical example is the down-regulation of the gene J5 Jases - g polygalac , uronase> pec tin esterase, 0-(l-4) 
encoding the tomato fruit cell wall enzyme, glucanase (ceU ulase), 6-galactanase (P-galactosidase)); eth- 
polygalacturonase by the expression i of ^ either antisense j biosynthetic enzymes (eg i-aminocyclopropane-1- 
RNA(Smith et al 1988 Nature 344 724-726) or sense RNA ^ la { e synthls ^ ethylene-forming enzyme); 
(Smith et al 1990 Mol Gen Genet 224, 477-481). A further carotenoid biosynthetic enzymes (eg prephytoene or phy- 
example is the down-regulation of the gene encoding cha!- 4Q lQene tnase> phytoene desaturase). In addition to genes 
cone synthase in petunia by either sense or antisense RNA. encoding ^own enzymes> oth er genes (eg those showing 
The mechanisms by which the expression of a specific homology to: pTOM36, pTOM38, pTOM66, pTOM75, 
gene is inhibited by either antisense or sense RNAgenes are pTOM99, pTOM136) with ripening enhanced expression 
not clearly understood. It has been proposed that RNA-RNA have been identified and may be used in combination with 
duplex molecules may be formed within the cells resulting 45 any 0 f the other genes. 

in the inhibition of expression. However, other and perhaps dna constructs according to the invention preferably 

different mechanisms may operate for the two strategies for comprise a base sequence at least 10 bases in length for each 

down-regulation. Specific individual genes have been inhib- 0 f fl, e unre lated target genes for transcription into RNA. 

ited by greater than 99% by the two strategies independently. There is no theoretical upper limit to the base sequence for 

SUMMARY OF THE INVENTION 50 e! f h ° m °*° g ° US ^"hTTk ' T_J?° t T ^ " ^ 

relevant mRNA produced by the cell — but for convenience 

According to the present invention, we provide a process it will generally be found suitable to use sequences between 

for the inhibition of two or more target genes which com- 100 and 1000 bases in length. There is no theoretical limit 

prises introducing into the plant a single control gene which to the length of the region separating the homologous 

has distinct DNA regions homologous to each of the target 55 sequences. The preparation of such constructs is described in 

genes and a promoter operative in plants adapted to tran- more detail below. 

scribe from such distinct regions RNA that inhibits expres- The preferred DNA for use in the present invention is 
sion of the target genes. The distinct DNA regions homolo- DNA derived from CDNA or genomic DNA of the target 
gous to each of the target genes may be either sense or genes. The required homologous DNA can be obtained in 
antisense strands. This invention can be used to generate 60 several ways: by cutting with restriction enzymes an appro- 
plants with the combined benefits of down-regulation of priate sequence of such DNA; by synthesizing a DNA 
several individual genes or families of related genes. fragment using synthetic oligonucleotides which are 
The present invention further provides DNA constructs annealed and then ligated together in such a way as to give 
containing a plant promoter positioned to transcribe an RNA suitable restriction sites at each end; by using synthetic 
strand from at least two distinct DNA regions homologous 65 oligonucleotides in a polymerase chain reaction (PCR) to 
to DNA from each of at least two target genes. The distinct generate the required fragment with suitable restriction sites 
DNA regions may be joined sequentially or separated by a at each end. The DNA fragments from each of the unrelated 
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target genes is then either ligated together prior to cloning or exhibit the combined benefits of reduced PG and PE activity 
cloned sequentially into a vector containing upstream pro- and will be useful in the production of tomatoes with 
moter and downstream terminator sequences. improved quality for fresh market and processed fruit. 

Recombinant DNA and vectors according to the present 

invention may be made as follows. Suitable vectors con- 5 BRIEF DESCRIPTION OF THE DRAWINGS 

taining the desired base sequences for transcription are pjc 1 shows the structure of the PG-PE sense gene in 
treated with restriction enzymes to cut the sequences out. D pGPE* 

The DNA strands so obtained are cloned either simulta- p _ ' ^ A J . c , , 

neously or sequentially into a second vector containing the FIGS. 2A-2B present a diagram of the strategy for 

desired promoter sequence (for example cauliflower mosaic 10 construction of the PG-PE antisense gene in pJFl; 
virus 35S RNA promoter or the tomato polygalacturonase FIGS. 3A-3B are graphs of PG and PE activities in fruit 

gene promoter sequence— Bird et al., Plant Molecular from a tomato plant transformed with pPGPE ("dpb"="days 
Biology, 11, 651-662, 1988) and the desired terminator post breaker"); 

sequence (for example the 3' of the Agrobacterium tumefa- FIG. 4 shows PG and PE activity in fruit from 28 tomato 

ciens nopal ine synthase gene, the nos 3' end). 15 plants transformed with a PE-PG sense construct; 

According to the invention we propose to use both FIG. 5 shows PG and PE activity in fruit from 32 tomato 
constitutive promoters (such as cauliflower mosaic virus 35S plants transformed with a PE-PG antisense construct. 
RNA) and inducible or developmentally regulated promot- 
ers (such as the ripe-fruit-specific polygalacturonase DETAILED DESCRIPTION OF THE 

promoter) as circumstances require. Use of a constitutive 20 INVENTION 
promoter will tend to affect functions in all parts of the plant: 

while by using a tissue specific promoter, functions may be EXAMPLE 1 ^ 

controlled more selectively. Thus in applying the invention, 

e.g. to tomatoes, it may be found convenient to use the Construction of Combined PG-PE Sense Gene 

promoter of the PG gene (Bird et al, 1988, cited above). Use 25 A ?G?R ^ was constructed b clonin bases 19 
of this promoter at least in tomatoes, has the advantage that tQ 2 ^ Qf ^ pG cDNA(pTOM 6-Grierson et al 1986 Nuc. 
the production of homologousRNA is under the control of Adds Res 8595 ^ 6 03) and bases 345 to 1665 of the PE 
a npening-specific promoter. Thus the homologous RNA is C DNA (pPEl— Ray et al 1988 Eur. J. Biochem 174, 
only produced in the organ in which its action is required. 119 _ 124 ) into the multiple cloning site of the vector pDH51. 

Other ripening-specific promoters that could I be used include 30 £ a c ^ vectof wMch CQntains a 

the E8 promoter (Diekman & Fischer, 1988 cited above). £ ^ ^ CaMy 35S tef ^ and 

Vectors according to the invention may be used to trans- ^ Ca * MV 3 , j de lation sequence. The orientation of 
form plants as desired, to make plants according to the ^ pQ afld p£ s nces was determmed by restriction 
invention. Dicotyledonous plants, such as tomato and mapping and DNA sequence determination of the borders of 

melon may be transformed by Agrobacterium Ti plasaid 35 ^ £ ^ f q{& ^ verification of the structure of 
technology for example as described by Bevan (1984) ^ yecto ^ ^ moduk was isolated b di estio n 
Nucleic Acid Research, 12, 8711-8721. The process may ^ „ ^ {Q the lant transformation vector 

also be adapted for use with other techniques for generating fiinl9 (fievan 19g4 Nuc Adds Reg n 8711 ^ 721) to ^ 
transgenic plants. Such transformed plants may be repro- ^ ^ G?£ ^ laQm ag gB1) 

duced sexually, or by cell or tissue culture. 40 

The degree of production of homologous RNA in the EXAMPLE 2 

plant cells can be controlled by suitable choice of promoter 

sequences, or by selecting the number of copies, or the site Construction of Combined PG-PE Antisense Gene 

of integration, of the DNA sequences according to the 

invention that are introduced into the plant genome. In this 45 A PG-PE antisense vector (PJFl) was constructed as 
way it may be possible to modify expression of the target shown in FIGS. 2A and 2B. A 686 bp EcoRI-Xbal fragment 
genes to a greater or lesser extent. from P PBI that contained the CaMV 35S promoter sequence 

The constructs of our invention may be used to transform and the first 150 bases from the 5' end of the PG cDNA 
cells of both monocotyledonous and dicotyledonous plants (pTOM6) was isolated. The fragment was cloned into the 

in various ways known to the art. In many cases such plant 50 EcoRI-Xbal sites of the PE antisense vector pJRIOlARi 
cells (particularly when they are cells of dicotyledonous afier removal of the CaMV 35S promoter sequence. The 
plants). may be cultured to regenerate whole plants which construction of the vector was confirmed by PCR and DNA 
subsequently reproduce to give successive generations of sequence analysis, 
genetically modified plants. Examples of genetically modi- 

fled plants according to the present invention include, as 55 

well as tomatoes, fruiting plants such as mangoes, peaches, Generat ion of Transformed Tomato Plants 

apples, pears, strawberries, bananas and melons. 

The specific embodiment of the invention that we have so Vectors from Example 1 were transferred to Agrobacte- 
far studied most thoroughly is the inhibition of both polyga- Hum tumefaciens LBA4404 (a micro-organism widely 

lacturonase and pectin esterase in ripening tomatoes. Modi- 60 available to plant biotechnologists) and were used to trans- 
ited tomato plants have been produced which contain a form tomato plants. Transformation of tomato stem seg- 
novel gene designed to express RNA with regions individu- ments followed standard protocols (e.g. Bird et al Plant 
ally homologous to the tomato PG and PE genes. Fruit from Molecular Biology 11, 651-662, 1988). Transformed plants 
some of the primary transformants have significant reduc- were identified by their ability to grow on media containing 

tions of both PG and PE activity in the ripening fruit. This 65 the antibiotic kanamycin. Plants were regenerated, grown to 
reduced enzyme activity is stably inherited as a single gene maturity and the presence of the PG-PE sense gene was 
in progeny of the primary transformants. Plants such as these confirmed by genomic Southern analysis. 
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EXAMPLE 4 EXAMPLE 8 

Analysis of Fruit from Transformed Plants Expression of Genes in Plants Containing Antisense 

The PG and PE activities were assayed in ripening fruit Constructs 

from 3 plants transformed with pPGPE and several . , ^ „ ^ , „ x . 

un-roodified plants. The PG and PE activity was reduced by °* Transformants with pJFl (from Example 2) m were 

various extents in the fruit from all three transformed plants. generated in the tomato variety UC82B. PG and PE enzyme 

The results for fruit from one of the transformed plants are activities were assayed in ripe fruit. Fruit from the first 32 

shown in FIGS. 3A and 3B. plants to mature were analysed. Untransformed UC62B is 

10 included as a control. The results are presented graphically 

EXAMPLE 5 in FIG. 5, ranked in order of decreasing PG level. As with 

the sense plants, reduced activities of the two enzymes were 

Analysis of Progeny of Transformed Plants tightly linked. 

Self-fertilised seed from the pPGPE-transformed plant is This data confirms the utility of the antisense construct pJFl 

with the greatest reductions in PG and PE activities were (Example 2). 

germinated in the presence of kanamycin. Plants that were Analysis of selfed progeny confirms that both the anti- 
resistant to kanamycin were grown to maturity and enzyme sense gene and ^ reduced PG/PE phenotype are inherited, 
activities in the fruit were analysed. These plants also had 
reduced PG and PE activity. Thus, the inheritance of the 20 We claim: 

reduced PG and PE phenotype was confirmed. L A P rocess for the ^ibition of polygalacturonase and 

pectin esterase in a tomato plant which comprise introducing 

EXAMPLE 6 into the plant a single control gene which has distinct DNA 

regions homologous to the tomato polygalacturonase and 

The sense construct pSBl prepared in Example 1 was tomato pectin esterase geries and a pr0 moter operative in 

used to transform tomatoes of the variety UC82B, using the tomatQ ^ ad&pted tQ transcribe from such distinct 

same protocol as in Example 3^ Transformants were grown ions RNA ^ of each of me x 

m the glasshouse. PG and PE enzyme actives were lacturonase and in esterase and allowi the thus 

assayed in ripe fruit. Fruit from the first 28 plants to mature r ' * KT . *? 

J * j rrn « a . - • transformed plant to grow, the UNA region homologous to 

were analysed. The results are presented graphically in FIG. t , , 1 * 

4, ranked in order of decreasing PG level. These results 30 the tomato polygalacturonase gene comprising at least a 100 

confirm that plants with substantial reductions in both PG base ^ence of the pTOM6 gene and the DNA region 

and PE activity were obtained from the population of homologous to the tomato pectin esterase gene comprising 

transformants. In all plants with significantly reduced activ- at least a 100 base sequence of the pPEl gene, 

ity of one enzyme, the other was also reduced. Thus the 2. A process as claimed in claim 1 in which at least one 

sense down-regulation of the two genes was tightly linked, 35 of the DNA regions is adapted to produce sense RNA. 

3. A process as claimed in claim 1 in which at least one 
EXAMPLE 7 of the DNA regions is adapted to produce antisense RNA. 

4. A process as claimed in claim 1 in which the promoter 
Expression of Genes in Plants Containing Sense ^ a constitutive promoter. 

Constructs 40 5 a process as claimed in claim 1 in which the promoter 

Selfed progeny were grown from two primary transfer- ^ aD inducible promoter, 
mants obtained from Example 3 with single sites of insertion 6. A DNA construct comprising a single control gene 
(E148C11-PG expression 10% that of normal fruit, PE which has distinct DNA regions homologous to the tomato 
expression 20% normal: E143C44-PG expression 5% 45 polygalacturonase and tomato pectin esterase genes and a 
normal, PE expression 16% normal). Stable inheritance of plant promoter positioned to transcribe an RNA strand from 
the double sense gene was confirmed by genomic Southern said two distinct DNA regions to inhibit expression of each 
analysis. Homozygous and azygous progeny were identified. of said genes, the DNA region homologous to the tomato 
Assays of ripe fruit PG and PE activities confirmed that the polygalacturonase gene comprising at least a 100 base 
low PG and PE phenotype segregated with the sense gene: 50 sequence of the pTOM6 gene and the DNA region homolo- 
gous to the tomato pectin esterase gene comprising at least 
a 100 base sequence of the pPEl gene. 

7. A DNA construct as claimed in claim 6 in which at least 
one of the DNA regions is adapted to produce sense RNA. 
55 8. A DNA construct is claimed in claim 6 in which at least 
one of the DNA regions is adapted to produce antisense 
RNA. 
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Posttranscriptional Gene Silencing in Transgenic Sugarcane. 
Dissection of Homology-Dependent Virus Resistance in a 
Monocot That Has a Complex Polyploid Genome 1 

Ivan L. Ingelbrecht, James E. Irvine, and T. Erik Mirkov* 

Department of Plant Pathology and Microbiology (I. LI., T.E.M.), and Department of Soil and Crop Sciences 
(J.E.I.), The Texas A&M University Agricultural Experiment Station, 2415 East Highway 83, 

Weslaco, Texas 78596 



RNA-mediated, posttranscriptional gene silencing has been de- 
termined as the molecular mechanism underlying transgenic virus 
resistance in many plant virus-dicot host plant systems. In this paper 
we show that transgenic virus resistance in sugarcane (Saccharum 
spp. hybrid) is based on posttranscriptional gene silencing. The 
resistance is derived from an untranslatable form of the sorghum 
mosaic potyvirus strain SCH coat protein (CP) gene. Transgenic 
sugarcane plants challenged with sorghum mosaic potyvirus strain 
SCH had phenotypes that ranged from fully susceptible to com- 
pletely resistant, and a recovery phenotype was also observed. 
Clones derived from the same transformation event or obtained 
after vegetative propagation could display different levels of virus 
resistance, suggesting the involvement of a quantitative component 
in the resistance response. Most resistant plants displayed low or 
undetectable steady-state CP transgene mRNA levels, although nu- 
clear transcription rates were high. Increased DNA methylation was 
observed in the transcribed region of the CP transgenes in most of 
these plants. Collectively, these characteristics indicate that an 
RNA-mediated, homology-dependent mechanism is at the base of 
the virus resistance. This work extends posttranscriptional gene 
silencing and homology-dependent virus resistance, so far observed 
only in dicots, to an agronomically important, polyploid monocot. 



Sugarcane (Saccharum spp. hybrid) ranks among the 
world's top 10 food crops and annually provides 60% to 
70% of the sugar produced worldwide (Sugar and Sweet- 
ener Situation and Outlook Yearbook, 1997). Modern com- 
mercial sugarcane cultivars are interspecific hybrids de- 
rived from crosses of noble sugarcane, i.e. Saccharum 
officinarum L. (2n = 70-122). Crosses are most often made 
with Saccharum spontaneum L. (2n = 36-128), sometimes 
with Saccharum barberi (2n - 60-140) or Saccharum sinense 
(In - 104-128), and rarely with Saccharum robustum (2n = 
66-170) (Irvine, 1999). Sugarcane cultivars have ploidy lev- 
els that range from 5X to 14X (X = 5, 6, 8, 10, 12, or 14) and 
chromosomal mosaicism has been reported (Burner and 



1 This work was supported by the Texas Higher Education 
Coordinating Board Advanced Technology Program (grant nos. 
999902-029 and 999902-188) and a grant from the International 
Consortium for Sugarcane Biotechnology. 

* Corresponding author; e-mail e-mirkov@tamu.edu; fax 1-956- 
968-0641. 



Legend re, 1994, and refs. therein). The genetic complexity 
and low fertility of sugarcane render traditional breeding 
laborious and make it a prime candidate for improvement 
through genetic engineering. 

Transgenic sugarcane plants have been obtained via par- 
ticle gun bombardment of embryogenic callus (Bower and 
Birch, 1992; Gallo-Meagher and Irvine, 1996) and via elec- 
troporation of cells derived from embryogenic callus 
(Arencibia et al., 1995). Unlike many other members of the 
Poaceae in which regeneration is restricted to certain ge- 
notypes, most sugarcane cultivars tested to date have 
yielded regenerable calli. Therefore, introducing specific 
genetic improvements, such as virus resistance, directly 
into elite sugarcane varieties is a realistic goal. 

SCMV has a monopartite, positive-strand RNA genome 
(Shukla et al., 1994). Recent taxonomic studies have shown 
that the SCMV complex comprises four or five different 
potyviruses, including strains of SrMV, SCMV, Johnson 
grass mosaic virus, and maize dwarf mosaic virus (Yang 
and Mirkov, 1997, and refs. therein). Members of the SCMV 
complex can cause mosaic symptoms and yield loss in 
susceptible members of sugarcane, maize, sorghum (Sor- 
ghum bicolor), and other poaceous plants. The worldwide 
epidemic spread of sugarcane mosaic in the 1920s caused a 
near collapse of the sugar industry in Louisiana, Argentina, 
and Brazil and was the main factor in replacing the highly 
susceptible noble cultivars with interspecific hybrid deriv- 
atives that were tolerant to SCMV. However, strains of 
SCMV and SrMV continue to cause losses in the sugarcane 
industry. 

Several strategies have been used to engineer virus re- 
sistance in plants (for review, see Baulcombe, 1996). In CP 
and movement protein-mediated protection, a transgene- 
derived homolog of a viral protein is expressed in plants, 
which interferes with or prevents various stages of the viral 
life cycle, resulting in attenuated disease symptoms or 
resistance. 



Abbreviations: CP, coat protein; cRNA, complementary RNA; 
HDR, homology-dependent resistance; ORF, open reading frame; 
PTGS, posttranscriptional gene silencing; SCMV, sugarcane mo- 
saic virus; SrMV, sorghum mosaic virus; 3'UTR, 3' -untranslated 
region. 
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It is now well established that transgenes in plants can 
suppress expression of homologous endogenous genes, 
transgenes, or viral RNAs (for reviews, see Depicker 
and Van Montagu, 1997; Stam et al., 1997). Homology- 
dependent gene silencing can occur at the level of tran- 
scription or by a posttranscriptional process. Transcrip- 
tional silencing is often associated with increased 
methylation and inactivation of the promoter sequences 
of the affected genes. In PTGS, an unidentified cellular 
process is responsible for the specific degradation of 
the homologous RNA molecules. The expression level, 
number, and configuration of the integrated transgenes, 
as well as other less understood developmental and en- 
vironmental factors, can all influence the occurrence of 
PTGS. There is now convincing evidence that PTGS is 
involved in many cases of RNA-mediated virus resis- 
tance; this type of resistance has been termed HDR (Muel- 
ler et al, 1995). 

Recent experiments have shown that a signaling mole- 
cule is involved in the systemic spread of gene silencing 
and resulting virus resistance (Palauqui et al., 1997; Voin- 
net and Baulcombe, 1997). Gene silencing and virus resis- 
tance can be induced by virus infections of non transgenic 
plants (Covey et al., 1997; Ratcliff et al., 1997; Al-Kaff et al., 
1998). These results and others led to the hypothesis that 
gene silencing is a natural plant defense mechanism (for 
review of transgene silencing as a manifestation of cellular 
defense responses, see Matzke and Matzke, 1998). The 
recent demonstration that the expression of the Pl/HC-Pro 
sequence of the tobacco etch poty viral genomic RNA can 
suppress PTGS provides direct evidence that PTGS func- 
tions as a host defense response and shows that viruses 
have evolved a mechanism to counter it (Anandalakshmi et 
al., 1998; Kasschau and Carrington, 1998). 

PTGS and HDR have been conclusively demonstrated for 
a number of dicot plants with a variety of viruses (for 
review, see Baulcombe, 1996). Typically, this type of resis- 
tance is highly strain specific and two classes of resistance 
response are often encountered: a pre-established immune 
phenotype and a delayed recovery phenotype. Resistance 
is associated with reduced steady-state transgene mRNA 
levels, while the transgenes remain actively transcribed in 
the nucleus. Recent data indicate that transgene transcrip- 
tion is required for HDR (Sijen et al., 1996; English et al., 
1997; Waterhouse et al., 1998). In a few studies, shorter than 
full-length transgene-derived RNA transcripts have been 
detected that may represent degradation products of the 
silencing mechanism (Goodwin et al., 1996; Tanzer et al., 
1997). Finally, some cases of HDR are correlated with meth- 
ylation in the transcribed region of the silenced transgenes 
(English et al., 1996; Sijen et al., 1996). 

We have transformed sugarcane with an untranslatable 
form of the SrMV strain SCH CP gene using particle gun 
bombardment. Phenotypical and molecular data show that 
in virus-resistant sugarcane plants resistance relies on an 
RNA-mediated, homology-dependent mechanism. Our 
studies extend PTGS and its association with virus resis- 
tance to a monocot and reinforce the hypothesis of an 
ancestral PTGS pathway as a defense mechanism in plants. 



MATERIALS AND METHODS 

Constructs 

Plasmid pAHC20 (Christensen and Quail, 1996) contains 
the bar (bialaphos-resistance gene)-coding region under the 
control of the maize ubiquitin promoter, first exon, and 
first intron, followed by the nos (nopaline synthase gene) 
terminator and will be referred to as Ubi-bar in this paper. 
To construct Ubi-npt, a 963-bp Bglll/ApaLl blunt-ended 
fragment from pCRII (Invitrogen, Carlsbad, CA) that con- 
tains the npf-coding sequence was inserted into the blunt- 
ended Sail sites of Ubi-bar to replace the bar-coding region. 
For construction of Ubi-hut, which contains the SrMV-SCH 
untranslatable CP ORF (hut), a 1.1-kb PCR product con- 
taining the SrMV-SCH CP-coding sequence and 77 nucle- 
otides of the 3'UTR, was cloned into pCRII using the TA 
cloning kit (Invitrogen) yielding pSCH-1. Then, the CP 
ORF and 3'UTR sequences were isolated from pSCH-1 as a 
1.1-kb blunt-ended EcoRI fragment and inserted into the 
blunt-ended Sail sites of Ubi-bar to replace the bar-coding 
region, yielding Ubi-hut (Fig. 1). 

The following phagemid clones were constructed for in 
vitro RNA synthesis and production of single-stranded 
DNA: (a) a 498-bp Sphl fragment from the sugarcane 
Rubisco small subunit genomic clone scrbsc-1 (nucleotide 
position 1313-1811, see Tang and Sun, 1993) was subcloned 
in a 5' to 3' and a 3' to 5' orientation into the Sphl site of 
P GemllZf(+), yielding pIVING366-l and pIVING366-2, 
respectively; (b) a 1.1-kb EcoRI fragment encompassing the 
SrMV-SCH CP-coding region and 77 nucleotides of the 
3'UTR was isolated from pSCH-1 and subcloned in a 5' to 
3' and a 3' to 5' orientation into the EcoRI site of 
pGem7Zf(-), yielding pIVING362-3 and pIVING362-4, re- 
spectively; (c) a 0.7-kb Pstl fragment encompassing the 3' 
part of the npt-coding region was isolated from Ubi-npt, 
rendered blunt with T4 DNA polymerase, and subcloned 
in a 5' to 3' and a 3' to 5' orientation into the Smal site of 
pGem7Zf(-), yielding pIVING362-5 and pIVING362-6, re- 
spectively; and (d) a 0.6-kb Psfl fragment containing the 
fcnr-coding region was isolated from Ubi-bar, made blunt 
with T4 DNA polymerase and subcloned in a 5' to 3' and 
a 3' to 5' orientation into the Smal site of pGem7Zf(-), 
yielding pIVING362-7 and pIVING369-l, respectively. 
These plasmids were transformed into DHSaF'IQ cells 
(GIBCO-BRL). Unless stated otherwise, all recombinant 
DNA and bacterial manipulations were performed using 
standard techniques (Sambrook et al., 1989). 



Sugarcane Transformation 

Embryogenic callus cultures were established from 
young leaf bases and immature flowers of the commercial 
sugarcane (Saccharum spp. hybrid) varieties CP65-357 and 
CP72-1210. Transformation of callus by particle gun bom- 
bardment and regeneration of shoots were done as de- 
scribed previously (Gallo-Meagher and Irvine, 1996); 7- to 
40-week-old calli were bombarded with an equimolar mix- 
ture of either Ubi-bar and Ubi-hut or Ubi-npt and Ubi-hut (4 
/xg DNA/ 480 /xg particles). Two days after bombardment, 
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calli were transferred to CI-3 medium containing either 1 
mg/L bialaphos or 15 mg/L geneticin. Four weeks later, 
calli were transferred to 2K5N medium containing 2 mg/L 
kinetin, 5 mg/L NAA, and 1 mg/L bialaphos or 15 mg/L 
geneticin to promote shoot regeneration and inhibit devel- 
opment of nontransgenic tissue. Tissues were subcultured 
on this medium every 2 to 3 weeks for approximately 12 
weeks. At this time, shoots were placed into Magenta boxes 
containing RG-2 with 4 mg/L indole butyric acid and 
either 3 mg/L bialaphos or 45 mg/L geneticin to induce 
roots. After about 8 weeks, shoots (5-15 cm) with well- 
developed roots were transferred to peat pots containing 
potting soil (Metromix, Scotts, Hope, AR) and placed in an 
environmental growth chamber at 30°C under 15 h of fluo- 
rescent and incandescent light. After 2 to 4 weeks, plants 
(15-30 cm high) were transferred to 15-cm-diameter pots 
and placed in the greenhouse. 

Virus Isolates, Inoculation, and Resistance Tests 

The virus strains SCMV-D, SrMV-SCM, SrMV-SCI, and a 
Texas isolate of SrMV-SCH were previously described 
(Yang and Mirkov, 1997). Virus strains were propagated on 
sorghum (Sorghum bicolor cv Rio). Sugarcane plants at the 
four- to eight-leaf stage were inoculated with sap extract 
(20 mL of a 0.1 m Na 2 SO 3 /0.1 m phosphate buffer, pH 7.0, 
containing 0.2 g of diatomaceous earth [Sigma] g" 1 tissue) 
from virus-infected sorghum leaves. The plants were inoc- 
ulated at least twice, at 2- to 3- week intervals. The infection 
rate on nontransgenic controls was more than 95%. Symp- 
toms were scored visually and, in some cases, the virus 
level in leaves was quantified by ELISA, according to stan- 
dard procedures (Converse and Martin, 1990), using SrMV- 
SCH alkaline-conjugated IgG at a 1:1000 dilution or by 
RNA gel-blot analysis. 

DNA Gel-Blot Analysis 

Total DNA was extracted from sugarcane leaves as de- 
scribed by Tai and Tanksley (1990) with slight modifica- 
tions. Ten micrograms of digested DNA samples was elec- 
trophoresed on a 0.8% (w/v) agarose gel and transferred to 
membranes (Hybond N + , Amersham) by downward alka- 
line blotting (Koetsier et al., 1993). The membrane in Figure 
2 was hybridized to a fluorescein-labeled DNA probe cov- 
ering the complete SrMV-SCH CP-coding region. Labeling, 
hybridization, washing, and detection were performed ac- 
cording to the manufacturer's instructions (Gene Images, 
Amersham). The membrane in Figure 6 was hybridized to 
a 32 P-labeled DNA probe covering part of the SrMV-SCH 
CP-coding region. Labeling was done using a nick transla- 
tion kit (GIBCO-BRL); hybridization and washing were 
performed according to previously published procedures 
(Sambrook et al., 1989). 

RNA Gel-Blot Analysis 

Total RNA was extracted from sugarcane leaves as pre- 
viously described (Jones et al., 1985). RNA samples (15 /xg 
of total RNA or the indicated amounts of poly(A + ) RNA) 



were electrophoresed on a 1.5% (w/v) agarose, 0.45 m 
formaldehyde, and 20 mM Hepes gel, pH 7.4, transferred to 
Hybond N + membranes by downward alkaline blotting 
(Ingelbrecht et al., 1998), and hybridized with a fluorescein- 
labeled DNA probe covering the complete SrMV-SCH CP- 
coding region. Labeling, hybridization, washing, and de- 
tection were performed according to the manufacturer's 
instructions (Gene Images, Amersham). Poly(A + ) RNA 
was isolated using the Oligotex mRNA Midi kit (Qiagen, 
Chatsworth, CA). 

Isolation of Nuclei and Nuclear Run-Off 
Transcription Assays 

Nuclei were isolated from fresh leaf tissue of field-grown 
sugarcane and the transcription assay and the conditions 
for prehybridization were as previously described (In- 
gelbrecht and de Carvalho, 1992). Denatured, double- 
stranded DNA fragments (approximately 0.25 /xg per slot) 
or single-stranded phagemid-derived DNA (1 /xg per slot) 
or single-stranded in vitro-generated RNA (0.5 jxg per 
slot) were slot blotted onto a nitrocellulose membrane us- 
ing a microfiltration apparatus (Bio-Rad), according to 
the manufacturer's instructions. Single-stranded DNA 
was prepared from phagemids using the helper phage 
M13K07, according to standard procedures (Sambrook et 
al, 1989). In vitro transcription reactions were performed 
using an in vitro transcription system (Promega) with the 
following linearized plasmids: pIVING366-l and -2 di- 
gested with Notl for antisense and sense $crbcs-l sequences 
respectively; pIVING362-3 and -4 digested with Xhol for 
antisense and sense CP RNA, respectively; the plasm id 
SCUBI561 containing a sugarcane polyubiquitin cDNA 
clone (Albert et al., 1995) was linearized with BamHl and 
Hmdlll to produce antisense and sense ubiquitin RNA, 
respectively. 

RESULTS 

Transgene Constructs and Plant Transformation 

The establishment and maintenance of a collection of 
seven SCMV strains that currently cause disease in sugar- 
cane throughout the world was previously described (Yang 
and Mirkov, 1997). This collection includes the SCMV 
strains A, B, D, and E and the SrMV strains SCH, SCI, and 
SCM. For each strain, 2 kb of the 3' terminus, encompass- 
ing the complete CP ORF, was sequenced. The nucleotide 
sequence identity of the CP genes within the strains of each 
group is more than 95%, whereas the nucleotide sequence 
identity between the two groups averages approximate- 
ly 75%. 

To engineer resistance in sugarcane, the CP-coding re- 
gion and 77 nucleotides of the 234 3'UTR nucleotides of 
SrMV-SCH were fused to the maize ubiquitin-1 promoter 
with the first exon and intron and the 3 '-terminator se- 
quence of the nopaline synthase gene, yielding the plasmid 
Ubi-hut, illustrated in Figure 1. The Ubi-l promoter region 
was previously shown to drive high levels of gene expres- 
sion in sugarcane (Gallo-Meagher and Irvine, 1993). In 
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Figure 1. Schematic representation of the Ubi-hut plasmid (6.0 kb) 
linearized at the unique H/ndlll site showing the maize ubiquitin 
promoter {Ubi prom.), exon 1 and intron 1 plus the SrMV-SCH- 
untranslatable CP-coding region with 77 nucleotides of the 234 
3'UTR sequence, and nos termination sequence (n) cloned into 
pUC8. Restriction sites: E, EcoR\; H, H/ndlll; Pst, Psfl. Numerical 
values indicate approximate kilobase pairs. 

potyvirus-infected plants the CP gene product is produced 
by proteolytic cleavage of a polyprotein, and the CP ORF 
does not have a translation initiation codon at its 5'- 
proximal end. In the CP ORF the first start codon is located 
17 nucleotides downstream of the CP 5 '-proximal end, in a 
different reading frame from the CP ORF. The first start 
codon in-frame with the CP ORF is located approximately 
313 nucleotides further downstream. Upon translation, this 
would yield a CP gene product that is truncated by about 
one-third (111 amino acids) of its normal size. A truncated 
CP gene product was never detected by ELISA or in west- 
ern blots (data not shown). 

The efficiency of cobombardment is very high in sugar- 
cane; therefore, we used this strategy for generating trans- 
genic plants expressing the Ubi-hut CP gene. Embryogenic 
callus derived from the commercial sugarcane varieties 
CP65-357 and CP72-1210 was bombarded with Ubi-hut in 
combination with Ubi-bar or Ubi-npt and selected on 
bialaphos- or geneticin-containing medium, respectively 
(see "Materials and Methods"). Approximately 220 plants 
were regenerated and transferred to the greenhouse for 
virus inoculations. 

Transgene Integration Patterns 

To assess the number of unique transformation events 
among the 220 plants, DNA gel-blot analysis was per- 
formed. Plant DNA was digested with Hindlll and hybrid- 
ized with the SrMV-SCH CP-coding region. In total, 29 
different CP hybridization profiles were identified and the 
transgenics were grouped accordingly in groups numbered 
1 through 29. More than one-half of the 220 plants belonged 
to only three groups and most of these redundant plants 
were discarded for practical reasons. The CP hybridization 
pattern of transgenic plants representing 26 groups ap- 
pears in Figure 2. Hind Ill-digested DNA from at least one 
plant of each group was then hybridized to bar and /or npt 
gene sequences. Because Hindlll cuts only once within the 
plasmid sequences, the copy number of the CP transgenes 
and the selectable marker genes can be estimated by scor- 
ing the number of bands on the DNA gel blots. All bands 
were scored once, irrespective of size and intensity of 
hybridization. The estimated gene copy numbers for the 29 
groups are summarized in Table I; the plants shown in 
Figure 2 are listed in this table according to their group 
number. 



As shown in Table I, the CP transgene copy number 
varies between 0 and more than 15, with about one-half of 
the plants having 4 to 9 copies. All plants selected on 
geneticin had both npt and CP sequences as shown in 
Figure 2. Insertion of only the bar selectable marker gene 
occurred once; plant 314 had no CP sequences but con- 
tained a single bar insertion. This indicates a high degree of 
cotransformation, in agreement with previous results on 
biolistic cotransformation of sugarcane and other monocots 
such as rice and barley (Wan and Lemaux, 1994; Bower et 
al, 1996; Qu et al., 1996). Note that plants 5 and 6 have a 
similar, yet clearly distinct, CP hybridization profile. Com- 
parable observations were made for plants in groups 24 
and 25 and also in groups 26 and 27 (data not shown). 
Plants with highly related transgene integration patterns 
most likely originated from the same transformation event 
and might represent chimeras for the CP transgene and/ or 
the selectable marker gene. 

Virus-Inoculated Transgenic Plants Display an Immune, 
Recovery, or Susceptible Phenotype That Is Not Strictly 
Correlated with Genotype 

Transgenic plants were repeatedly inoculated with 
SrMV-SCH at the four- to eight-leaf stage, as described in 
"Materials and Methods." The plants were grown in the 
greenhouse for 8 to 10 months and then transplanted to the 
field where they were exposed to natural infection. The 
incidence of infection of nontransgenic controls in the field 
was approximately 30%. 

Symptom development was periodically monitored by 
visual inspection and, in selected cases, also by ELISA or 
RNA gel-blot analysis. Three different responses were ob- 
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Figure 2. DNA gel-biot analysis of CP transgene integration patterns 
and copy number in sugarcane transgenics. DNA gel blot of total 
DNA (1 0 /xg) digested with H/ndlll and hybridized with a fluorescein- 
labeled 1.1 -kb £coRl fragment containing the SrMV-SCH CP and 
3'UTR. Numbers above the lanes refer to individual sugarcane trans- 
genics. I, R, and S denote immune, recovered, and susceptible plants, 
respectively; N refers to plants that were not inoculated and with an 
undetermined phenotype. Transgenics were selected on bialaphos 
(bar-hut) or on geneticin {npt-hut), as indicated. DNA size markers 
are shown on the left. 
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Table I. Summary of transgene copy number in transgenic sugar- 
cane, as determined by hybridization of Hindtll-digested DNA to 
the CP, bar, and npt probes 



Croup No. 


CP 


Copy No. 
bar 


Plant No. 

npt 


bar-hut 








1 


13 


4 


313 


2 


7 


4 


125 


3 


5 


5 


120 


4 


3 


6 


16 


5 


2 


1 


20 


6 


5 


2 


322 


7 


10 


5 


62 


8 


6 


2-5 


NR d 


9 


2 


5 


40 


10 


>15 


5 


18 


11 


>15 


13 


453 


12 


8 


4 


494 


13 


3 


1-3 


392 


14 


1 


1 


319 


15 


0 


1 


314 


npt- hut 








16 


5 


- 


>15 459 


17 


4 




6 41 


1 o 


12 




13 5 


19 a 


10 




13 6 


20 


4 




2-4 35 


21 


13 




>15 32 


22 


5 




10 460 


23 


6 




13 477 


24 b 


13 




>15 467 


25 b 


14 




>15 NR 


26 c 


7 




13 463 


27 c 


5 




8 NR 


28 


3 




5 33 


29 


8 




13 479 


a b ' c Croups 


with related transgene integration patterns. d NR, 



Not represented in the DNA gel blot of Figure 2. 



served: an immune, a susceptible, and a recovery pheno- 
type. Immune plants never developed symptoms even 
though some were inoculated up to six times. Susceptible 
and recovery plants developed mosaic symptoms 2 to 5 
weeks after inoculation on the newly developing leaves. In 
susceptible plants these symptoms persisted and were 
most obvious on the younger leaf tissue. The recovery 
phenomenon was manifested by a gradual reduction in 
mosaic symptoms in successive leaves until leaves emerged 
that were completely symptomless and virus free. Resistant 
tissue from a recovery plant was phenotypically similar to 
immune tissue. In mature plants these two pheno types 
could no longer be distinguished because of senescence 
of the older, symptomatic leaves in the recovered plants. 
The characteristic mosaic pattern of an inoculated, suscepti- 
ble leaf is compared to an immune, symptomless leaf in 
Figure 3. 

The time required for full recovery was variable. For 
example, recovery occurred relatively fast for plants in 
group 4; i.e. virus-free leaves appeared approximately 2 
months after initial symptom development. However, 
symptoms persisted for approximately 1 year in plants 18 



(group 10) and 313 (group 1) before recovery. Table II 
summarizes the phenotypes of individual transgenics from 
25 different groups. Note that plants with the same trans- 
gene integration pattern did not necessarily display the 
same phenotype, as illustrated in Table H. Groups 2, 4, and 
7 contain immune and recovery plants, whereas groups 1, 
10, 17, and 20 include recovery and susceptible individuals. 
Group 6 includes immune, recovery, and susceptible indi- 
viduals. Resistant plants tend to have an intermediate CP 
gene copy number, ranging from 4 to 10, whereas the 
number of CP insertions in most susceptible plants is either 
lower or higher. 

Virus Resistance Requires a High Degree of 
Sequence Similarity 

To determine whether virus resistance was strain spe- 
cific, SrMV-SCH-resistant shoots were reinoculated with 
SrMV-SCH, with the closely related strains SrMV-SCI and 
-SCM, or with the more distantly related strain SCMV-D. 
Initial experiments had indicated that the resistance phe- 
notype of group 4 transgenics, derived from either a recov- 
ered or immune plant, was maintained in shoots obtained 
after vegetative propagation. Stalks from different trans- 
formants of this group were cut into two- to four-bud 
sections and shoots were produced from these cuttings. 
Twenty-five shoots were sap inoculated with each of these 
virus strains. 

As summarized in Table III, most shoots challenged with 
the more distantly related strain SCMV-D (22 of 25) devel- 




S I 

Figure 3. Phenotypes of SrMV-SCH-inocuIated transgenic sugarcane 
plants. Leaves were taken from the same position on each of the 
plants. S, Susceptible leaf with typical mosaic symptoms; I, immune 
leaf without symptoms. 
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Table II. Phenotypes of individual transgenic sugarcane plants 

Plant No. 



Croup No. 


1 m m ii n£h 
1 1 1 1 J II U 1 IC 


f\CA#AJ v CI y 


Susceptible 


CP Copy No. 


3 


120, 124 






c 
D 


2 


1 25 


'l/^rt 1/^*7 11^ 1*^*1 

100, 103, 107, 119, 123 




/ 


4 


11, 16, 17 


12, 13, 15, 23 




3 


7 


60, 61, 62 


3, 4, 38, 39, 57 58, 159 




1 0 


5 




20 




2 


9 




40 




2 


22 




368 




5 


29 




31 




Q 
0 


1 




313 


315 


13 


10 




18 


22 


Sib 


1 7 




41, 46, 52, 56 


48, 95 


A 

4 


20 




30 


25, 35, 36 


A 

4 


14 






319 




1 5 






"i 1 A 


u 


21 






32 


13 


11 






543 


>15 


13 






392 


3 


18 






5, 24 


12 


19 






6 


10 


23 






359, 376, 469, 475, 476, 477 


6 


24 






377 


13 


25 






356 


14 


26 






463 


7 


28 






33 


3 


6 


323 


399, 424 


322, 400, 525 


5 



oped symptoms. Symptom development was far less fre- 
quent after inoculation with the more closely related 
strains SrMV-SCI or -SCM (7 and 8 of 25, respectively). In 
SrMV-SCH challenge inoculations, 3 of 25 plants devel- 
oped symptoms, indicating that the original resistance 
broke down at low frequency. However, these plants had 
completely recovered 3 months after inoculation, as dem- 
onstrated by RNA gel-blot analysis (data not shown). 
Symptomatic and recovered tissue was harvested from two 
of these plants and used for the study of DNA methylation 
patterns (see below). 



Table III. Response of SrMV-SCH-resistant shoots to challenge in- 
oculations with SrMV and SCMV virus strains 

Plants with Symptoms 

Inoculated - n - , , , 

Virus Strain CP Sequence Identity ^ Monogenic 





% 




no. 


SrMV-SCH 


100 


3/25 


8/10 


SrMV-SCM 


95 


8/25 


5/5 


SrMV-SCI 


95 


7/25 


3/3 


SCMV-D 


75 


22/25 


5/5 



a Nucleotide sequence identity between the CP ORF of the trans- 
gene and the inoculated virus strain. b SrMV-SCH-resistant trans- 
formants from group 4 were vegetatively propagated by cuttings and 
shoots were sap inoculated with different SrMV and SCMV strains at 
the three- to five-leaf stage. Symptoms were visually scored 2 months 
after infection. 



Most Resistant Plants Contain Reduced CP Transgene 
Steady-State mRNA Levels 

To determine CP transgene and viral RNA levels in 
immune and susceptible plants, total RNA was extracted 
from leaves of selected 1 -year-old, field-grown plants. 
When probed for CP sequences, the symptomatic plants 35, 
463, and 525 showed a smear of RNA extending from 
approximately 10 kb, i.e. the size of the viral genomic RNA, 
to a few hundred bases, as shown in Figure 4A. This smear 
of viral RNA, which had been previously observed in 
potyvirus-infected material (Vance, 1991), prevented detec- 
tion of the transgenic CP mRNA in the inoculated suscep- 
tible plants. As expected, no viral RNA was detected in the 
immune plants 17, 60, 120, and 323. The level of steady- 
state CP mRNA in plants 17, 60, and 120 is either below the 
detection limit or lower than in plant 323, which had a CP 
mRNA level comparable to that of the noninoculated sus- 
ceptible plant 463 (Fig. 4B). 

The RNA gel blots in Figure 4 show multiple CP RNA 
transcripts. The 1.3-kb mRNA, indicated with the larger 
arrowhead, corresponds to the predicted mRNA product of 
the Ubi-hut construct. The doublet indicated with the smaller 
arrowhead was observed in all plants with detectable levels 
of the 1.3-kb CP mRNA, including the noninoculated, sus- 
ceptible plant 463 (Fig. 4B). These two bands were polya- 
denylated (Fig. 4B) and cross-hybridized with the ubiquirin 
intron 1 sequence (data not shown), suggesting that they 
represent incompletely processed transcripts. Some less- 
than-full-length, polyadenylated transcripts were specific 
for the immune plants 60 and 62, as shown in Figure 4B. 
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Figure 4. RNA gel-biot analyses of CP transgenic RNA and viral RNA 
levels in selected immune and susceptible transgenic sugarcane 
plants and a nontransgenic control. A, RNA gel blot of total RNA (1 5 
jig per lane) hybridized with a fluorescein-labeled 1.1 -kb Psfl frag- 
ment containing the SrMV-SCH CP ORF and 3'UTR. Numbers on top 
indicate sugarcane transgenics: N.T. is a nontransgenic, noninocu- 
lated (N) control; 463, 35, and 525 are susceptible (S) plants; 1 7, 60, 
120, and 323 are immune (I) plants. RNA size markers are indicated 
on the left. The larger arrowhead on the right indicates the 1 .3-kb CP 
mRNA; the smaller arrowhead indicates transcripts that cross- 
hybridize with the ubiquittn intron 1 sequence. B, RNA gel blot of 
poly(A + ) RNA from immune (I) plants 60, 120, 16, 62, and 323 and 
a noninoculated (N) susceptible control, 463; 0.9 ^g of poly(A + ) 
RNA was loaded for plants 60 and 120; 2.5 fig for plants 16 and 62; 
and 0.8 /xg for plants 323 and 463. RNA sizes are indicated on the 
left. Probes and hybridization were as in A. 



CP Transgenes in Resistant and Susceptible Plants Are 
Actively Transcribed 

To compare transcriptional activity of the transgenes in 
susceptible and resistant plants, nuclei were isolated from 
the same leaf material that was used for the RNA gel-blot 
analyses in Figure 4. In vitro run-off transcription reactions 
were performed, and labeled nRNA was hybridized to 
slot-blotted DNA containing CP, bar, and npt gene se- 
quences. Transcription along the 2.65-kb vector sequences 
downstream of the chimeric genes was also measured. The 
endogenous polyubiquitin genes served as an internal 
control. 



As illustrated in Figure 5 A, the CP transgenes were 
transcribed in all transgenic plants but not in the nontrans- 
genic control The bar gene was transcribed in plants 17, 60, 
120, and 525 and the npt gene was transcribed in plant 35, 
as expected. Overall, the transcription rates of the CP trans- 
genes correlated well with their estimated copy number 
(Table I). The immune phenotype was not correlated with 
a higher CP transcription rate. Together, Figures 4 and 5 A 
show that the CP transgenes in the immune plants 17, 60 
and 120 were actively transcribed, whereas their steady- 
state CP mRNA level was low or below the detection limit. 
This suggests that posttranscriptional degradation of the 
CP transcripts occurs, in agreement with a gene-silencing- 
related, virus-resistance mechanism. 

Initial run-off assays using phagemid-derived single- 
stranded DNA showed strong hybridization signals with 
phagemids that did not carry an insert. This "background" 
hybridization was consistently observed in transgenic 
plants but not in a nontransgenic control (data not shown). 
There is sequence similarity between pUC8 and the phage- 
mid, which suggested that the pUC8 vector sequences were 
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Figure 5. Analyses of transcription rates for selected immune and 
susceptible transgenic sugarcane plants and a nontransgenic control. 
Nuclei were isolated from leaves of 1 -year-old, field-grown plants 
and used in nuclear run-off assays. A, Autoradiogram showing 32 P- 
labeled nRNAs hybridized to DNA fragments containing gene- 
specific sequences: CP, 1.1 -kb coding sequence of the SrMV-SCH 
CP; bar, 0.58-kb coding sequence of the bar gene; npt, 0.76-kb 3' 
part of the npf-coding sequence; ubi, 0.74-kb 5' part of the 
SCUBI561 sugarcane polyubiquitin cDNA; vec, the 2.65-kb pUC8 
sequences present downstream of the chimeric CP and marker genes; 
n.c, negative control (no DNA). Numbers on the right refer to plants 
used as a source of nuclei: 17, 60, and 120 are immune (I); 35 and 
525 are susceptible (S) plants; N.T. is a nontransgenic, noninoculated 
control. B, Autoradiogram showing 32 P-labeled nRNAs of the im- 
mune plant 60 and the susceptible plant 525 hybridized to in vitro- 
synthesized single-stranded RNA. Abbreviations are as in A, Sense (s) 
and antisense (as) refers to the polarity of the nascent RNA. 
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actively transcribed. Figure 5 A confirms that the 2.65-kb 
vector sequences present downstream of the transgenes 
were indeed transcribed at similar rates in all transgenic 
plants. 

In Figure 5B, in vitro-transcribed, single-stranded RNA 
was bound to the membrane. As shown, both sense and 
antisense strands of the CP transgenes were transcribed to 
an equal extent in the immune plant 60. Antisense tran- 
scription of the CP transgenes also occurred in the suscep- 
tible plant 525 but at a much lower rate. Surprisingly, 
antisense transcription was also evident for the endoge- 
nous ubiquitin genes. 

Specific Sites Located in the Transcribed Region of the CP 
Transgenes Are More Extensively Methylated in Most 
Resistant Plants 

To examine whether virus resistance was correlated with 
increased methylation of the CP transgenes, we performed 
DNA gel-blot analyses using total DNA isolated from re- 
sistant and susceptible leaf tissue. 

This analysis was first performed on isogenic leaf mate- 
rial with and without symptoms. We used two recovered 
plants obtained after vegetative propagation and reinocu- 
lation with SrMV-SCH for this purpose (see above): one 
was derived from transformant 13, which originally had a 
recovery phenotype, and one was from transformant 16, 
which originally was immune. These two plants were 
showing clear symptoms and accumulated viral CP, as 
determined by ELISAs 2 months after inoculation. Four 
weeks later, both plants had developed new, symptomless 
leaves that were free of viral RNA, as judged by RNA 
gel-blot analysis (data not shown). Total DNA was isolated 
from leaf tissue with and without symptoms from these 
two plants. As a control, DNA was also isolated from two 
clones that did not develop symptoms upon reinoculation; 
one clone was derived from plant 13 and one was from 
plant 16. This DNA was digested with EcoRI and Pvull, 
both of which are sensitive to cytosine methylation, and 
probed with a CP gene-specific fragment, illustrated in 
Figure 6A. Figure 6B indicates that the CP genes are more 
extensively methylated in recovered (R and R t ) or immune 
(I) tissue than in leaves with symptoms (S), as judged by 
the presence of the higher-M r bands in lanes R, I, and R u 
versus the S lanes. 

We then compared the methylation status of the same 
sites among independently transformed resistant and sus- 
ceptible plants. As shown in Figure 6B, most immune 
plants displayed the 1.55- and/or the 1.95-kb bands in 
addition to the 1.3-kb band, indicating partial methylation 
of one or both the Pvull sites. By contrast, only the 1.3-kb 
band was observed in the sensitive plants and in one 
immune plant, suggesting that these sites are not detect- 
ably methylated in these plants. The origin of the intense 
1.8-kb band in lanes 13, 16, 17, and 120 is unclear. It might 
represent a junction fragment between plant and plasmid 
DNA or rearranged CP gene sequences. Using the same 
plant material, we could not detect methylation of the 10 
Sau3Al and 4 Hpall sites that were located in the 5'- 
ubiquitin promoter sequences (data not shown). 
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Figure 6. DNA gel-blot analysis of differential methylation patterns 
in total DNA from resistant and susceptible leaf tissue. A, Diagram 
showing the position of the EcoR\ (E) and Pvull (P) sites within the CP 
transgene. The solid line represents the 0.75-kb probe used for 
hybridization of the blot shown in B. The 1 .30-kb fragment indicates 
complete digestion (no methylation) of the Pvull and fcoRI sites. The 
1.55- and 1.95-kb fragments indicate partial digestion (partial meth- 
ylation) of the Pvull site(s). B, DNA gel blot of total DNA (10 /ig) 
digested with fcoRI and Pvull and hybridized with the probe shown 
in A. Numbers refer to sugarcane transgenics: 125, 120, 17, and 60 
are immune (lane I); 32, 35 and 525 are susceptible (lane S). For 
plants 13 and 16: lanes S and indicate symptomatic and resistant 
tissue harvested from the same plant before and after recovery; lanes 
R and I indicate resistant tissue from a different 1 3 and 1 6 clone that 
did not show symptoms upon re-inoculation. Hybridizing bands that 
correspond to the fragments shown in A are indicated on the left. 



DISCUSSION 

Resistance to SrMV-SCH was obtained in transgenic sug- 
arcane plants expressing an untranslatable form of the 
SrMV-SCH CP gene. Several lines of evidence indicate that 
the underlying resistance mechanism in the investigated 
clones is related to PTGS. 

In general, transgenic sugarcane plants challenged with 
SrMV-SCH fell into three phenotypic classes: (a) plants that 
were susceptible and showed symptoms throughout the 
2-year monitoring period; (b) recovery plants, i.e. plants 
that initially showed symptoms but, during further 
growth, developed symptomless leaves that were virus 
free; and (c) immune plants that did not show symptoms 
and were virus free (Table II). The time required for recov- 
ery was variable; it was relatively fast in group-4 plants, 
which were completely virus free 2 to 3 months after initial 
symptom development, but not in plants 18 and 313, in 
which symptoms persisted for approximately 1 year. 
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SrMV-SCH-resistant shoots were resistant to challenge in- 
oculations with SrMV-SCH and the closely related SrMV- 
SCI and -SCM'strains (95% nucleotide similarity) but not to 
inoculation with the more distantly related SCMV strain D 
(75% nucleotide similarity, Table III). The immune and 
recovery phenotype and the strain-specific resistance are 
well-documented characteristics of gene-silencing-related, 
virus-resistance phenomena in dicots (Lindbo et al., 1993; 
Smith et al., 1994; Mueller et al., 1995; Tenllado et al, 1995, 
1996; Goodwin et al., 1996; Pang et al., 1996; Prins et al, 
1996). The inoculation experiments also demonstrated that 
shoots obtained after vegetative propagation of immune or 
recovered plants remained resistant. The fact that sugar- 
cane is a vegetatively propagated crop may therefore prove 
advantageous in maintaining valuable clones, because 
PTGS can be reversed during meiosis. 

In total, 220 transgenic plants were regenerated; they 
could be classified into 29 different groups based on their 
CP and marker-transgene-integration patterns (Fig. 1; Ta- 
ble I). Transformants with the same CP transgene integra- 
tion pattern did not necessarily display the same pheno- 
type upon inoculation. In fact, five groups had both 
recovered and susceptible individuals (Table II), and one of 
these groups (group 6) even included an immune individ- 
ual. It has been previously reported that isogenic trans- 
genic lines can display different levels of resistance upon 
virus inoculation in dicots (Smith et al., 1994; Sijen et al., 
1996). This differential response occurred more frequently 
when the length of the homologous sequence between the 
transgene and the inoculated virus was reduced (Sijen et 
al., 1996). This result is comparable to what we observed in 
our inoculation studies using different virus strains. When 
SrMV-SCH resistant plants were infected with a virus 
strain with decreasing levels of sequence homology, from 
100% to 95% to 75%, an increasing number of plants de- 
veloped symptoms, from 3 to 7 or 8 to 22 (of 25), indicating 
a positive correlation between the level of resistance and 
the sequence homology between the CP ORF of the infect- 
ing virus and the transgene. This result further suggests 
that the transition from a susceptible to a resistant pheno- 
type is gradual and continuous. As a whole, we can con- 
clude that the resistance mechanism in sugarcane holds 
quantitative aspects and can operate with variable effi- 
ciency in plants with certain genetic backgrounds. 

On RNA gel blots, the susceptible plants 35 and 525 
showed a smear of viral RNA that obscured the transgene- 
derived CP mRNA (Fig. 4). No viral RNA could be detected 
in the immune plants 17, 60, and 120, and the steady-state 
transgene CP mRNA level in these plants was undetectable 
or reduced, compared with the noninoculated susceptible 
control 463, which is in agreement with a PTGS-related, 
virus-resistance mechanism (Lindbo et al., 1993; Smith et 
al, 1994; Mueller et al., 1995; Pang et al., 1996; Sijen et al., 
1996). The steady-state CP mRNA level in the immune 
plant 323 was higher than in the other immune plants and 
similar to that in the noninoculated susceptible plant 463. 
Perhaps the resistance mechanism in this plant is not re- 
lated to PTGS. On the other hand, Tenllado et al. (1995) and 
Marano and Baulcombe (1998) described putative exam- 
ples of HDR where resistant plants retained high levels of 



the homologous transgenic mRNA. RNA gel-blot analyses 
revealed a number of transcripts in addition to the ex- 
pected 1.3-kb CP mRNA. Two polyadenylated transcripts 
of approximately 2.4 kb were observed in all plants with 
detectable levels of the 1.3-kb CP mRNA. These bands 
cross-hybridize with the Ubi-l intron sequence, suggesting 
that they represent incompletely processed CP transcripts. 
Because these bands also occur in the noninoculated sus- 
ceptible control 463, they are not related to transgene si- 
lencing. Some less than full-length, polyadenylated bands 
were detected in the immune plants 60 and 62 but not in 
the noninoculated, susceptible control 463 (Fig. 4B). Trun- 
cated transcripts have previously been shown in other 
cases of HDR (Goodwin et al., 1996; Tanzer et al., 1997) and 
may represent intermediates of the RNA-degradation 
mechanism. 

The immune plants 17, 60, and 120 having low or unde- 
tectable CP steady-state mRNA levels display active tran- 
scription of the CP transgenes in the nucleus, as shown in 
nuclear run-off assays (Fig. 5). This result suggests that the 
CP mRNA level in these plants is down-regulated by a 
posttranscriptional mechanism, as expected for HDR 
(Lindbo et al., 1993; Mueller et al., 1995; Prins et al., 1996; 
Sijen et al., 1996). There was no obvious correlation be- 
tween transcription rates of the CP transgenes and an 
immune or susceptible phenotype. In the immune plant 60, 
both sense and antisense transcription of the CP transgenes 
occurred at similar rates. Antisense transcription was also 
detected for the CP genes of the susceptible plant 525 but at 
a much lower rate than sense transcription. Most surpris- 
ingly, we also detected antisense transcription for the en- 
dogenous ubiquitin genes. Although highly unexpected, 
this finding might not be unprecedented, because a previ- 
ous report (Christensen and Quail, 1989) described anti- 
sense transcription for the maize ubiquitin genes and pos- 
sibly also for maize rDNA. Whether antisense transcription 
of these host genes should be considered background, as 
suggested by these authors, or indicates a true event is not 
clear at present. Finally, the run-off assays clearly showed 
that the pUC8 vector sequences located downstream of the 
CP and /or marker genes were actively transcribed in all 
transgenic plants. Fortuitous transcription of vector se- 
quences might result from transcriptional readthrough orig- 
inating from the transgenic Ubi-l promoter or from endog- 
enous plant promoters that flank the integrated transgenes. 
The presence of truncated or rearranged plasmid sequences, 
often observed in biolistic transformation, possibly en- 
hanced this unexpected transcription. 

A correlation between methylation of transgenes in the 
transcribed region and resistance has been found in several 
examples of HDR in dicots (Smith et al., 1994; English et al, 
1996; Sijen et al., 1996) as well as in our study. Using leaf 
material with and without symptoms isolated from the 
same plant before and after recovery, we could demon- 
strate that specific sites located in the coding region of the 
CP transgenes were more extensively methylated in resis- 
tant tissue (Fig. 6). Methylation of the CP transgenes was 
most pronounced in tissue that had just recovered, sug- 
gesting that DNA methylation occurs primarily during the 
initial establishment of resistance. When comparing inde- 
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pendently transformed susceptible and resistant plants, 
increased methylation of these sites was found in most but 
not all resistant plants. We could not detect clear methyl- 
ation of sites located in the Ubi-\ promoter in resistant or 
susceptible tissue. 

Various models have been proposed to explain PTGS 
and how it is involved in virus resistance, including the 
RNA threshold model (for review, see Dougherty and 
Parks, 1995) and the ectopic pairing model (for review, see 
Baulcombe and English, 1996). In essence, these models 
propose that enhanced turnover of transgene and viral 
RNA is mediated by cRNA molecules that are synthesized 
by a plant-encoded, RNA-dependent RNA polymerase. 
The trigger for turnover is unknown, but Dougherty and 
Parks (1995) proposed that this cRNA is synthesized in 
response to the presence of overexpressed RNA molecules. 
According to the ectopic pairing model, specific DNA- 
DNA interactions result in the formation of aberrant RNA, 
which is copied into cRNA and leads to the degradation of 
homologous RNA molecules. Recently, Waterhouse et al. 
(1998) proposed an interesting variant of these models. 
These authors suggested that PTGS is induced by double- 
stranded RNA, which serves as a template for the produc- 
tion of cRNA by the RNA-dependent RNA polymerase. 
Our run-off data do not support a model that is based 
strictly on exceeding a critical level of RNA because the 
transcription rate of the CP transgenes in immune plants is 
not always higher than in susceptible transgenics. As men- 
tioned, in the immune plant 60, the CP transgenes were 
transcribed in both directions at similar rates. This could 
potentially lead to the formation of double-stranded RNA, 
consistent with the model of Waterhouse et al. (1998). 
However, we could not detect CP antisense transcripts in 
total RNA preparations from this plant, as judged by RNA 
gel-blot analysis (data not shown). 

In a recent review of epigenetic transgene silencing, 
Matzke and Matzke (1998) pointed out that the genomes of 
agriculturally important cereal crops are often substan- 
tially more complex than that of Arabidopsis or of the 
Nicotiana species, which are generally used in these studies. 
These authors then raised the issue whether or not the 
variations in base composition between dicots and mono- 
cots could be responsible for different types of gene silenc- 
ing. Sugarcane has a particularly complex genome, because 
it is an allopolyploid with variable chromosome numbers 
and ploidy levels. Despite these differences, we have also 
recognized the hallmarks of PTGS and HDR in dicot plants 
in our study. Our data provide evidence that an ancestral 
pathway for posttranscriptional gene regulation and RNA 
surveillance is conserved between monocots and dicots. 
This is consistent with reports of related gene-silencing 
mechanisms in fungi (for review, see Cogoni and Macino, 
1997), Paramecium (Ruiz et al., 1998), and Caenorhabditis 
elegans (Fire et al., 1998). Still, we are only beginning to 
understand these phenomena; studies at the molecular 
level may reveal differences between PTGS and HDR in 
monocots versus dicots. The recent identification of a viral 
suppressor of PTGS in tobacco etch virus offers approaches 
to directly address these questions. From a more applied 
perspective, our data demonstrate the feasibility of this 



approach to engineering virus resistance in this agronom- 
ically important group of plants. 
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